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CHAPTER 1
Introduction
1.1 Calcium phosphate ceramic implants
1.1.1 General
Biomaterials are used to replace parts of the body that are diseased, worn, or broken.
Annually, millions of operations are performed, which involve bone repair [1]. Due to
the higher life expectancy and wealth, the number of implants that are used will increase
further. One of the materials that is frequently used to regenerate bone, is calcium phos-
phate ceramic (further abbreviated in this thesis as CaP ceramic). The CaP ceramic that
is most frequently used is hydroxyapatite (HA, Ca5(PO4)3OH). As a result of the chem-
ical composition of this material, which is similar to the mineral component of bone, it
enhances the bone formation process around the implant [2–4]. CaP ceramic is therefore
called ‘bioactive’. To avoid the brittle nature of bulk CaP ceramic, the material is often
applied as a coating.
1.1.2 CaP ceramic on polymeric substrates
Usually, the CaP coatings are deposited on metallic substrates. However, a polymeric
substrate may be a more appropriate alternative, because the mechanical properties of a
polymer can easily be varied. A material that effectively transfers force from the implant
to the surrounding bone, avoids bone resorption due to so-called ‘stress shielding’ [2].
On the other hand, most of the polymeric materials that are used for the manufacturing
of implants are at their best bioinert, i.e., do not support bone healing. Therefore, a
polymeric material, coated with a CaP coating for a better bone healing response, may
be an interesting system for medical applications, e.g. in fixation plates or screws. An
example of such a system is given in figure 1.1, which shows a fibular fracture that is
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Figure 1.1: A fixated fibular fracture. The image was taken from [5].
fixated using a dynamic compression plate (DCP). The screws in this example are made
of polycarbonate. The use of a CaP coating on the polymeric parts of this structure may
improve the biological response. Moreover, by using a degradable polymer, e.g. Poly-
L-lactic acid (PLLA) for this structure, a second operation for the removal of the screws
and the plate can be prevented. Besides for orthopedic surgery, other applications for
CaP coated polymeric implants may be found in maxillofacial surgery.
1.1.3 Requirements for safe clinical use
In order to use a CaP coated polymeric material for medical applications, it needs to
meet some requirements. First of all, good adhesion of the CaP coating to the polymeric
substrate is needed. For example, the American Food and Drug Administration (FDA)
requires a minimum tensile coating strength of 50.8 MPa [6]. Although it is questionable
whether such an adhesion can be obtained on polymeric substrates, a better understand-
ing and an attempt to optimize CaP coating adhesion on polymeric substrates is the main
topic of this thesis. Besides good adhesion, also the coating composition has to be con-
trolled, as a Ca/P ratio around 1.67 (the ratio of HA) is desired. Finally, a certain degree
of coating crystallinity is beneficial, in order to prevent the rapid dissolution of the coa-
ting under in vivo conditions [7]. Therefore, a new method to obtain crystalline coatings
on polymeric substrates will also be presented in this thesis.
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1.2 Deposition of CaP coatings
There are numerous methods to deposit CaP coatings. Some of the most frequently used
will be discussed below.
Plasma Spraying
Plasma spraying is a technique that is most frequently used for the application of CaP
coatings [8–10]. It is based on feeding CaP particles in a carrier gas through an electric
arc. The gas becomes a plasma, which is accelerated to high velocities. The particles that
are transported in the carrier gas are deposited on a substrate. Although the technique
has proven its usefulness, the limited cohesion within the thick coatings is a disadvan-
tage. Moreover, the substrate may rise to high temperatures, which makes this technique
impractical for the coating of CaP ceramic on polymeric substrates.
Biomimetic deposition
Biomimetic coatings are formed from simulated physiological fluids. CaP ceramic is
deposited on the substrates from a supersaturated solution [11, 12]. An advantage of
this technique is its simplicity and the possibility to coat complex geometrical shapes
at ambient temperature. This makes the technique suitable for covering polymeric sub-
strates. It is even possible to deposit crystalline coatings from solution. A disadvantage
of this technique is that the adhesion of the CaP coatings, especially on inert polymeric
substrates, is very poor [11].
Laser deposition
Laser deposition is a technique in which intense UV excimer laser pulses are used to
evaporate CaP ceramic from a target [13, 14]. A major advantage of this technique is
that the chemical composition of the target is transferred to the coating in the deposition
process [14]. As a result of the low substrate temperature during the deposition process,
this technique is also suitable for the deposition of CaP coatings on polymeric substrates
[15]. However, a non-uniform coverage makes this technique not very well suited for
large area depositions.
Ion beam deposition
In ion beam deposition, a CaP target is bombarded by a beam (energies ∼ keV) from
an ion gun. Particles are ejected (‘sputtered’) from the target, and are deposited on the
substrates [16–19]. It produces amorphous coatings, which adhere quite well to metallic
substrates (10 − 60 MPa). However, it has to be emphasized that the chemical composi-
tion of the coating may deviate significantly from that of the sputtering target.
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RF magnetron sputter deposition
RF magnetron sputter deposition is the technique that was used for the experiments in
this thesis. An important reason for this is that, when the deposition power is kept low,
the heat load on the substrates remains low. Further, homogeneous coatings up to sev-
eral micrometers can be produced in easy operation and the reproducibility, in terms of
coating composition and growth rate, is good. Another advantage is that the sputter de-
position process is already used in commercial production, which makes this deposition
technique even more attractive for further investigation. The technique has some resem-
blance with ion beam deposition. In this method, a CaP ceramic target is irradiated with
energetic particles, which cause the sputtering and subsequent deposition of the target
components. The energetic projectiles that cause the sputtering are created in a plasma.
Compared to the ion beam deposition technique, this method is more complex, due to the
simultaneous occurrence of many processes. The way in which the deposition process
works will be explained in more detail in chapter 2. In previous work, Van Dijk et al.
showed that a large variety of compositions can be obtained, depending on gas composi-
tion [20], gas pressure [21], and discharge power [22]. Moreover, an excellent adhesion
was found for the CaP coatings on metallic substrates [23, 24].
1.2.1 Coating crystallization
Usually, RF magnetron sputter deposited CaP coatings are amorphous. Wolke et al.
showed that amorphous RF magnetron sputter deposited coatings dissolve, both under in
vitro, as well as under in vivo conditions [7,25]. Coatings which are (partially) crystalline
do not show this dissolution. In principle, crystalline coatings can be obtained by anneal-
ing the amorphous coatings at a temperature of at least 500◦C [17, 26, 27]. Also for CaP
coatings that are deposited using other techniques, such high temperatures (400-600◦C)
are needed [9, 10, 28–31]. An exception is CaP coatings that are grown from supersatu-
rated fluids [11, 12, 32]: these structures can be formed at ambient temperatures.
1.3 Adhesion
1.3.1 General
In technology and science, adhesion between materials plays an important role. The use
of thin coatings allows for special surface properties, while the bulk properties of the
substrate material are preserved. Of course, good coating adhesion is necessary for it
to be effective. Adhesion is, despite its simple name, a complicated phenomenon. Nu-
merous theories have been proposed in order to explain adhesion [33]. They are briefly
explained below and are schematically shown in figure 1.2.
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Figure 1.2: Several factors that determine adhesion. (A) shows the adsorption theory, in
which physical or chemical bonds act as bridges between the substrate and coating. (B)
shows Derjaguin’s electrostatic theory, which states that adhesion is the result of an elec-
tric double layer. (C) gives Voyutskiı˘’s view of adhesion, which is due to the intermixing
of polymeric chains across the interface. (D) shows low molecular weight (LMW) poly-
meric chains nearby the interface, which are responsible for loss of adhesion. (E) shows
the way in which microtopography at the interface may increase adhesion.
The adsorption theory
The adsorption theory (figure 1.2A) states that the Van der Waals forces between atoms of
two materials are responsible for adhesion. Therefore, it is necessary that these materials
are brought into close contact to each other, preferably via two perfectly flat surfaces for
increasing the number of contact points. The formation of chemical bonds between the
two surfaces was originally considered to be less important [33] than the presence of Van
der Waals forces. Later, the importance of chemical bonds was stressed [34], as will be
discussed later.
Derjaguin’s electrostatic theory
Derjaguin [35] noticed that upon separation of two bonded materials, static charges on
the surfaces are present, which sometimes cause electrical discharge and electron emis-
sion from the surfaces1. As a result, he proposed that adhesion is the result of the pres-
ence of an electrical double layer (figure 1.2B), which may be present on two dissimilar
materials.
1The article that is referred to is written in Russian. To our knowledge, no translation in English is available.
However, we verified that the following is stated: “This evidence leads us to the new conclusion, that almost all of
the separation energy is due to the electrostatic forces of the opposite charge which accumulate due to the separation
on the surfaces. The magnitude of the adhesion is limited by the charge phenomenon.”
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Voyutskiı˘’s diffusion theory
Voyutskiı˘’s theory states that adhesion between two polymeric surfaces is the result of
the mutual diffusion of polymeric molecules into one another [36–38] (figure 1.2C).
His proof was that the adhesive strength between polymeric surfaces depends on, for
example, temperature and molecular weight, in a way which is predicted by the polymer
diffusion theory. Adhesion is, according to this theory, only possible when either two
polar or two non-polar polymers are used, otherwise the intermixing does not occur.
Rheological theory
The rheological theory states that the mechanical properties of the interface are determin-
ing the degree of adhesion. Stress at the interface, but also the presence of mechanically
weak interlayers, e.g. in the form of low molecular weight (LMW) polymeric chains
(figure 1.2D), cause a decrease in adhesion [33, 34].
Mechanical interlocking (‘hooking’) theory
Finally, also the presence of micro-geometry at the interface may increase the degree
of adhesion. Hooking (or ‘interlocking’) is also a possibility: material is kept in place
because it is restrained to move out of the other material (figure 1.2E).
None of the above theories is the ‘correct’ one [34]. All of them contribute to a bet-
ter understanding of adhesion. However, some of the theories are only valid in limited
cases. For example, Voyutskiı˘’s diffusion theory can only be used to explain the adhesion
of two polymeric systems, as the interdiffusion of polymeric chains into other substances
(metallic or ceramic) is unlikely. Derjaguin’s electrostatic theory is doubted [39], because
the presence of charge after the interface rupture may be the result of the fracture process
itself and is not necessarily present before the fracture occurs.
It is now generally accepted that especially the presence of chemical bonds at the
interface is important [34]. The reason why so many other theories were proposed, was
the observation that the amount of adhesion which is typically measured, is orders of
magnitude larger than the work that is needed to break all chemical bonds at an interface
[33]. Therefore, initially, the adsorption theory was rejected. However, later it was
realized that a peeling experiment is not a direct measure for the strength of an interface
[33, 39, 40]. Most of the energy that is put into the system during testing is dissipated in
other ways (e.g., heat and stress) than the breaking of bonds only.
Although the presence of chemical bonds is considered very important for adhesion,
also stress at the interface as well as morphological features of the interface play a role.
This, in combination with the difficulties to accurately measure adhesion, makes adhe-
sion a fairly complex topic.
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1.3.2 Pretreatment for adhesion improvement
In many cases, the adhesion of a deposited coating on the underlying substrate is suffi-
cient for practical applications. However, the more inert a substrate (or coating) becomes,
the more difficult it is to achieve good adhesion. Especially in the case of polymeric
substrates, effort has to be put in establishing an interface, that contains enough chemical
bonds (‘bridges’) between the coating and the substrate. Usually, this is done by pretreat-
ing the polymeric substrate prior to coating deposition, e.g. by using a plasma, an ion
beam or a chemical method. Several processes may occur during the pretreatment [34]:
1. surface cleaning
2. ablation
3. crosslinking of the polymeric material
4. modification of the chemical structure.
In surface cleaning, unwanted material, for example additives that were used for the
production of the polymeric material, is removed. Ablation is the large scale removal
of material, which occurs if polymeric surfaces are pretreated for prolonged periods.
Morphological changes may occur during this stage. As a result of the pretreatment,
polymeric chains are damaged. Depending on the kind of polymer, scissions in the main
polymeric chain may form (e.g. in polytetrafluoroethylene (PTFE)) or the damaged poly-
meric chains may form a network (e.g. in polydimethylsiloxane (PDMS), polyethylene
(PE), and polystyrene (PS)) [41]. In the case of PTFE, the LMW layer which forms, may
negatively influence adhesion. Radicals that form as a result of a pretreatment may react
with other species, e.g. O2 or N2 from the air, in order to form new chemical entities
nearby the surface.
Several methods are used for modifying polymeric surfaces. All are based on con-
trolled damage of the polymer, after which the more reactive surface is able to chemically
interact with the deposited coating. The most commonly used techniques are further de-
scribed now.
Chemical treatment
Chemicals can be used to modify the surface of a polymer. Usually, aggressive chemi-
cals are needed for this, which is a disadvantage of this technique. For example, Kim et
al. [42] showed that the adhesion of Cu on poly(ethyleneterephthalate) (PET) can be in-
creased by pretreating the PET with hydrazine monohydrate. Hontsu et al. [43] increased
the adhesion of a HA coating to PTFE by etching the PTFE with sodium-naphthalene.
UV light treatment
Ultraviolet (UV) light can also be energetic enough to break chemical bonds in a polymer
[44], thereby creating a possibility for improved adhesion to other materials [45, 46]. Of
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course, the efficiency of the pretreatment depends on the UV absorption characteristics
of the polymer. Some polymers, e.g. PTFE, degrade easily under UV irradiation. A
weak LMW layer may form within the polymer, as a result of the UV light pretreatment
[44, 47].
Corona treatment
A method which has long been used for the modification of polymeric surfaces is the
corona pretreatment. In this treatment, the polymeric surface is modified by ionized
species from an electrical ‘corona’ discharge [48, 49], which is produced at ambient
atmosphere by using a high electric potential. Because of its simplicity, this type of
pretreatment is also used in an industrial setting [50, 51]. It is, nevertheless, far less
common in research than plasma treatments and ion beam treatments, especially because
high temperatures develop as a result of the pretreatment.
Plasma treatment
A plasma pretreatment shows resemblance with a corona treatment. The polymeric sur-
face is exposed to energetic species that escape from a low pressure plasma, thereby
altering the composition and reactivity of the surface. Advantages of this pretreatment
are the large number of variables that can easily be varied (e.g., gas mixture, gas pres-
sure, and power) for the optimization of the process. Besides, it is a clean technique, as
mostly unharmful gases like O2, H2, N2, and Ar are used for the surface modification.
The amount of available literature on plasma pretreatments for adhesion improvement is
large.
Good overviews are given by Durand [52] and Liston et al. [53]. Some of the specific
examples that can be found are, e.g., Grace et al. [54], who found that good adhesion of
Ag on PET could be achieved by pretreating the PET with an O2 or N2 plasma. An
O2 plasma was used to increase the adhesion of Cr to polyimide (PI) [55]. Gerenser
found [56] an increase of Ag adhesion on PE after O2 or N2 plasma pretreatment, while
an Ar pretreatment was not found to be effective. Milde et al. [57] demonstrated the
complexity of adhesion by depositing several coatings (Al2O3, SiO2, and Cu) on different
polymeric substrates (Acrylate, PET, and polypropylene (PP)). Some of the combinations
showed good adhesion, while others gave spontaneous delamination. An O2 plasma
pretreatment was beneficial for an increase in coating adhesion for all combinations.
Cho et al. [58] found that an O2 treatment drastically increased the adhesion of Al to PE.
Finally, Bodo¨ et al. [59] also found an increase in adhesion of Ti on PDMS by using an
O2 pretreatment.
Unfortunately, even when the pretreatment parameters are known, the effect of a
pretreatment varies from system to system, as the design of the vessel and configuration
and size of electrodes also play an important role in the effectiveness of the pretreatment.
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Ion beam treatment
An ion beam pretreatment also exposes the surface to energetic particles, as is the case
for a plasma pretreatment. The big advantage of an ion beam pretreatment is that relevant
parameters for the pretreatment (ion dose and ion energy) can be measured directly, while
in a plasma pretreatment these numbers are often not exactly known. This makes this
pretreatment method better reproducible and transferable, e.g. from a research setting
to an industrial scale. However, because large ion guns are much more expensive than
plasma pretreatment equipment, ion beam treatments are not so common in industry. For
research, however, they are often used for studying adhesion improvement.
Good overviews of adhesion improvement by ion beam treatment are given by Baglin
[60], Pawel et al. [61], and Ingemarsson [62]. Low energies (0.1-2.0 keV) are most of-
ten used for adhesion improvement [57, 59, 63–70]. Only the top few nanometers of the
polymeric material are modified by such a pretreatment. Surface contaminations may be
removed, and damage that results from the pretreatment makes an adhesion improvement
possible. Although medium energy ion beams (typically 20-200 keV) are often used to
improve the mechanical properties (e.g. hardness and wear resistance) of polymeric sur-
faces [71–76], they are less often applied for adhesion improvement of coatings [77,78].
At these energies, the ions can typically penetrate the polymer 100-1000 nm, resulting in
different mechanical properties of the surface, which may have an effect on the strength
of the interface. Interestingly, the use of high energy ion beams (1-70 MeV) can also give
an increase in adhesion [79–81]. The ions lose energy mainly via electronic stopping,
i.e., through interactions with the electrons in the solid, thereby causing damage. This
can result in the formation of new chemical bonds at the interface, thus leading to better
adhesion. Because the ions are so energetic, they pass through the coating. Therefore it is
possible to increase the coating adhesion after the deposition of the coating. In general, it
is found that the dose that gives optimal adhesion is fairly independent of the ion energy
and lies between 1014–1016 ions/cm2.
It should be stressed that most of the work described above concerns the adhesion
of metallic coatings on polymeric substrates. The amount of work that is done on the
adhesion of inorganic coatings on polymers is limited. Only very few studies on the
adhesion of CaP coatings on polymeric substrates exist, one example is that of Hontsu et
al. [43], who studied the adhesion of HA on PTFE.
Interlayer of reactive material
An interlayer between a coating and a polymeric substrate can also be beneficial for an
adhesion improvement. Often, a reactive metal, like Ti or Cr is used for this [82–84].
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1.4 Objectives and outline of this thesis
The most important goal of this thesis is to study the adhesion of CaP coatings on poly-
meric substrates. Because adhesion is to a large extent determined by the chemical struc-
ture of the interface, effort is put in revealing the interfacial structure of the CaP coating
with its underlying polymeric substrate. Further, we will increase our understanding of
the formation of the interfacial structure from the deposition process. As was already
mentioned, the degree of crystallinity also influences the biological behavior. Therefore,
also work will be done on the crystallization of the CaP coatings, without the use of a
traditional annealing treatment (which is not possible for most polymers).
The structure of this thesis is as follows. Chapter 2 describes most of the experi-
mental details that are used for the experiments throughout this thesis. In the chapters
thereafter, only experimental details that are specific for the experiments in those chapters
are mentioned. In chapter 3, the attenuation lengths (‘escape depths’) of photoelectrons
from CaP ceramic are measured. The results are used in chapters 4 and 5, to accurately
study the formation of an interface between CaP ceramic and several polymers (PTFE
and PS in chapter 4 and PDMS and PE in chapter 5). To better understand the results
of chapters 4 and 5 from phenomena that occur during the deposition process, some de-
dicated experiments and Monte Carlo computer simulations that describe the deposition
process are presented in chapters 6 and 7. Not only the interfaces of CaP and the poly-
mers, but also the composition of the bulk coatings as a function of different deposition
parameters are described (chapter 8). Using the knowledge of the previous chapters (in-
sight in the bulk coating composition, the interfaces between the polymers and the CaP
coating, and good understanding of the deposition process), the first adhesion studies are
presented in chapter 9. More adhesion studies are described in chapter 10. Work on the
crystallization of CaP coatings on PE is presented in chapter 11. This thesis ends with a
general discussion (chapter 12).
CHAPTER 2
Experimental techniques
2.1 RF magnetron sputter deposition
Sputter deposition is based on the ejection of species from a target by highly energetic
particles. The energetic projectiles can be generated using an ion gun or plasma. The
ejected species end up on the substrates to form a coating.
In RF sputter deposition, the projectiles are generated by an RF plasma. An RF
instead of a DC field is often used in case of an insulating target, to avoid charging and
arcing. Electrons that follow the alternating RF field cause ionizations of gas in the
vacuum chamber. Positive ions that form in the plasma (often Ar ions) are accelerated
when they cross the so-called plasma sheaths, which is a sudden drop in potential at the
edges of the plasma. The accelerated ions cause the ejection of species from the sputter
target and they also initiate the ejection of secondary electrons, which are responsible for
additional ionizations in order to maintain the plasma.
The sputter rate of an RF sputter deposition system can be greatly enhanced by ap-
plying a magnetron configuration below the sputter target. The magnetic field traps the
electrons nearby the target. The trapped electrons cause additional ionizations in the gas,
thus enhancing the sputter rate.
2.2 Deposition system
The pretreatment of the substrates and the deposition of the coatings were conducted in
an Edwards High Vacuum ESM100 sputter deposition chamber. A schematic drawing of
the system is given in figure 2.1. The system consists of a stainless steel chamber with
a diameter of 32 cm. A base pressure of 1 × 10−5 mbar is reached using an oil diffu-
sion pump. The water-cooled substrate holder is located in the top part of the deposition
23
24 Chapter 2
Figure 2.1: A schematic drawing of the deposition chamber. The left figure is a front
view, and the right figure is a top view. The cross (×) and the star () denote the positions
of the substrates when a static deposition is performed.
chamber and can be used in a static or rotating (30 rotations per minute) configuration.
For static depositions, the samples are either mounted directly above the target or at the
focal point of the ion gun. These positions are denotes in figure 2.1 by × and , respec-
tively. For rotating depositions, the samples are mounted 7±1 cm from the center of the
substrate holder (which means that they pass × and  during rotation). The two sput-
ter targets are about 8.2 cm below the substrate holder. They are connected to separate
power supplies that operate at 13.56 MHz. The targets have a grounded shield and cross
contamination shields on top. During static depositions, the cross contamination shields
are removed to increase the deposition rate at the focal point of the ion gun (). Below
the sputter targets, magnetron configurations are present.
Under normal deposition conditions, the substrate holder is grounded. However, it
is also possible to use the substrate holder as a powered electrode by connecting one of
the target power supplies to it. In this way, samples are pretreated, for example by O
bombardment. The discharge gas is led into the deposition chamber via a piezo electric
valve, which is coupled to a pressure gauge. A feedback loop in this system ensures a
constant gas pressure during depositions.
A Kaufmann ion source (Oxford Applied Research model RF 25) is connected to the
deposition system. The gun can either be used for pretreatment of materials or for ion
beam assisted deposition. The focus of the gun is approximately 7.5 cm from the center
of the substrate holder and the gun is mounted at an angle of 70◦ relative to the normal
of the substrate holder.
Finally, a Quadrupole Mass Spectrometer (MS) (Vacuum Generators model Sensor-
lab) is connected to the system. This instrument can be used for measuring the sputter
gas composition as well as detecting contaminations in the sputter gas.
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2.2.1 The substrates
Six different substrate materials were used in the studies: five polymeric substrates
and silicon single crystals (orientation (100), obtained from Gritek Ltd.). The struc-
ture formulas of the five polymers that were used in this thesis are given in figure 2.2.
Polystyrene (PS), polyethylene (PE), and polytetrafluoroethylene (PTFE, teflon) sheets
Figure 2.2: The structure formulas of the five polymers that were used.
(thickness 1 mm) were obtained from Goodfellow Ltd. Polydimethylsiloxane (PDMS,
silicone rubber) was obtained from Wacker Silicones (Elastosil RT 601). The material
was polymerized in a plastic box. The smooth air cured side was used for the exper-
iments. Poly-L-lactic acid (PLLA) granules were obtained from Purac Biochem. The
granules were transformed in PLLA plate (thickness 1 mm) by heating the material in a
steel mold to 170–180◦C, a temperature which is slightly above the melting temperature
of PLLA. After keeping the material at this temperature and under a pressure of 1 MPa
for 15 minutes, the mold was cooled, and the PLLA plate was removed from the mold.
For most experiments, the polymers were cut into pieces of ∼ 10 × 10 mm2. A
water-cooled diamond saw was used for PS and scissors were used for PE, PTFE, PLLA,
and PDMS. The root mean square (rms) roughnesses of the PS, PE, PTFE, PDMS, and
PLLA were measured using a profilometer (Dektak 3030ST, Veeco Instruments Inc.) and
were found to be approximately 3 nm, 40 nm, 200 nm, 15 nm, and 150 nm, respectively.
The rough back side of the PE substrates is also used in some experiments. It was found
to be ∼430 nm.
Prior to the deposition or pretreatment, the substrates were ultrasonically cleaned in
isopropanol for five minutes. No unexpected elements, for example belonging to addi-
tives that are often used in polymers, were found in any of the polymeric substrates using
any of the available analysis techniques.
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Coating deposition
For the sputter target, hydroxyapatite (Ca5(PO4)3OH) was used, either in the form of
small granules (diameter 0.5-1.0 mm) or plasma sprayed on a copper disk. The target
was 10 cm in diameter. Usually, only one target was used during deposition. To further
reduce the heat load on the samples, the power supply was operated at a maximum power
of 200 W. Above this power, softening of the substrates started to occur (especially PS).
A typical deposition rate at a deposition power of 200 W was 1 − 2 nm per minute.
Usually, the sputter gas was Ar. The pressure during coating deposition was between 5
× 10−4 and 1 × 10−1 mbar.
2.2.2 Pretreatment
As was already stated in the introduction (section 1.3.2), a pretreatment of polymers prior
to coating deposition may increase the adhesive strength. For the work in this thesis, we
used two pretreatments of the polymeric samples, a plasma pretreatment and an ion beam
treatment.
Plasma pretreatment
The plasma pretreatment can be done by changing the normally grounded substrate
holder into a RF powered electrode. A typically used plasma pretreatment was the expo-
sure of the polymeric substrates to an O plasma of 2 × 10−3 mbar, at a power of 200 W,
for 30 sec.
Ion beam pretreatment
An ion bombardment is a better defined pretreatment. The ion current as a function of
gas pressure and ion gun power level was measured using a Faraday cup. The optical
emission of the plasma in the ion gun was measured during operation in order to check
plasma stability and plasma mode (low brightness or high brightness mode [85]). The
energy of the ions could be varied between 100 and 1000 eV. The beam shape is al-
most gaussian and has a full width at half maximum (FWHM) of ∼ 1.5 cm. For the
experiments in this thesis, Ar gas was used for the ion gun.
2.3 Coating analysis
2.3.1 Rutherford Backscattering Spectrometry (RBS)
In Rutherford Backscattering Spectrometry (RBS), a beam of high energy monoenergetic
projectiles (in our case 2.0 − 2.4 MeV He+) is directed at a sample. The incoming beam
makes an angle α relative to the sample surface. In the coating and substrate, some of
the incoming ions are backscattered towards a silicon surface barrier detector, which is
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put at an angle θ , relative to the ongoing beam. The angles and a drawing of a typical
measuring geometry are given in the inset of figure 2.3.
The energy fraction with which a backscattered He ion returns from the material, is
given by the kinematic factor K :
K = E1
E0
=


√
M22 − M21 sin2 θ + M1 cos θ
M1 + M2


2
(2.1)
In this equation, E0 is the energy of the incoming ion, E1 is the energy of the backscat-
tered ion, M1 is the mass of the incoming particle (He) and M2 is the mass of the target
particle.
An example of an RBS spectrum is given in figure 2.3. As a result of the different
Figure 2.3: An RBS spectrum of 8.5 nm CaP on PS. The drawing shows the configuration
how the data was taken (α = 45◦ and θ = 105◦).
masses, the Ca, P, and O peaks show up at different energies in the spectrum. Because
the substrate (PS) only contains C and H, the signal from the coating is almost back-
ground free. This is, however, only the case when PS and PE are used, because the other
polymers (figure 2.2) contain elements (F, Si, O) that contribute to a background.
In RBS, quantification is easy and accurate. The yield of He scattered from an ele-
ment x of a thin film (Yx , the area under the peak) is given by:
Yx = Qσx Nx
sin α
(2.2)
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in which Q is the number of incoming ions,  is the solid angle of the detector, Nx is the
coverage of the element (number of atoms per unit area), and σx is the cross section for
the scattering event. For constant scattering geometry, σx is proportional to the square
of the Z number of the target atom (Zx ). The full equation for the scattering cross
section can be found elsewhere [86]. Because the Q, , and α are constant within one
measurement, the ratio of two elements (x and y) in the coating can be found accurately
using:
Nx
Ny
= Yx
Yy
σy
σx
(2.3)
This equation is also valid for thick films. If all components of the coating (Ca, P, and
O) are separately visible in the RBS spectrum, then the total coating composition can
accurately be found. The coverage of the coating can be found by either comparing
the measured yields to the yields of a known reference sample, or by comparing the
measured yield to the height of the signal from the known substrate material. The latter
was done using a RBS simulation program, like RUMP [87] or NDF [88].
2.3.2 X-ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) is a technique to measure the chemical com-
position and the chemical structure of the top few nanometers of a solid. The sample
is irradiated with x-ray photons. Some photons cause an ionization of an atom in the
material. The kinetic energy Ekin of the resulting photoelectron is:
Ekin = Ex−ray − Eb (2.4)
in which Ex−ray is the energy of the x-ray photon and Eb is the binding energy of the
electron. Some of the electrons that are generated within a certain distance from the sur-
face (defined by the so-called Attenuation Length (AL), see chapter 3) are able to escape
from the material. Their energy can be measured using an electron spectrometer. Using
formula 2.4, the original binding energy of the electron can be calculated. The bind-
ing energy is often characteristic for a specific element. Moreover, the binding energy
varies somewhat with the chemical environment in which the atom is present. Therefore,
XPS does not only give information on the chemical composition, but as a result of the
so-called chemical shift, it also gives information on the chemical structure.
XPS analysis was done using a Vacuum Generators CLAM-2 hemispherical ana-
lyzer. The MgKα source of a Vacuum Generators XR2E2 twin anode x-ray source was
used. This source was operated at 120 W. The angle between the surface normal and the
analyzer axis (θ ) was 15◦, and the angle between the analyzer and the x-ray source axis
was 33.5◦.
A typical XPS spectrum of a thin CaP layer on PTFE is given in figure 2.4. The
names of the characteristic Auger and XPS peaks are given in the figure. The peaks that
are most common in studying CaP ceramic are the O(1s), P(2p), and Ca(2p) peaks. For
the polymers, the C(1s), O(1s), F(1s) (in the case of PTFE), and Si(2p) (in the case of
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Figure 2.4: A typical XPS spectrum of a thin CaP coating on PTFE.
PDMS) peaks are the ones usually studied. Of these peaks, detailed scans are usually
taken for further analysis.
Spectrometer work function
When the electron is able to escape from the material into the spectrometer, its kinetic
energy is reduced by the spectrometer work function W . This effect shows up as a lower
measured binding energy in the spectra. However, the slightly energy dependent value
of W was measured for our spectrometer [89] and therefore we corrected the spectra for
this effect.
Spectrometer transmission function
The electron analyzer has an electron energy dependent sensitivity. To compare the abso-
lute peak areas, the raw data had to be corrected for this so-called transmission function.
The procedure that was used to measure the transmission function of our spectrometer
is given in [89]. In short, a measured spectrum of Cu is compared with the true emis-
sion spectrum of Cu (as measured by Seah [90]). The electron analyzer was operated at
pass energies of 100 eV (for the total scans) and 20 eV (for the detailed region scans).
Roosendaal [89] found a transmission function T (Ekin) ∝ E−αkin , with α = 0.511 for a
pass energy of 100 eV, and α = 0.829 for a pass energy of 20 eV.
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Sample charging
As a result of the insulating nature of polymeric substrates, a charging of the sample
surface occurs during XPS measurements. If no monochromator is present, as is the case
in our system, the sample charging usually remains below 10 V [91]. If the charging of
the surface is homogeneous, the spectrum can be corrected by shifting spectra back to
lower binding energies, so that a peak with a known binding energy reaches the correct
binding energy. In our case, we used the largest component of the C(1s) peak. This peak
corresponds to C–H and C–C bonds, of which the binding energy is 284.6 eV [34, 92].
The sample charging may not be homogeneous (differential charging) [93]. Although
some small features appeared in our spectra that were found to be the result of differential
charging, the magnitude of the effect was small. So, the analysis of the spectra was not
significantly complicated by this effect.
Background subtraction and peak fitting
The area of the XPS peaks was determined after background subtraction. A simple linear
background subtraction is used in our case. This is justified, because the peaks that are
mostly used for analysis in this thesis (Ca(2p), P(2p), O(1s), C(1s), F(1s), and Si(2p))
have only a small step on going from the low-energy to the high-energy side of the peak.
As a result, almost no error is made by assuming a linear background.
After background subtraction, the area of the resulting peak is determined. In the
case that the XPS peak is a superposition of several peaks, resulting from different chem-
ical shifts, gaussians can be fitted that represent the contribution of the individual com-
ponents. The XPS peak in figure 2.5 is a C(1s) peak after background subtraction and
charge compensation. The peak is fitted with four gaussians, of which the positions are
from different carbon oxygen configurations [34]. Although a good fit to the experimen-
tal data can be obtained, the fitting procedure can be somewhat ambiguous. First of all, in
literature, there is quite some variation in the assumed positions of the peaks, and more-
over, the assignment of the peaks also varies. The peak width also increases somewhat
as a result of sample charging. Therefore, the fitting procedure and subsequent peak as-
signment has to be used with care. As a result, in the case of the C(1s) peak, only effort
is put into separating the signal that comes from C–C/C–H bonds (the right most peak in
figure 2.5), from the signal that comes from configurations that contain O (the three left
most peaks in figure 2.5). The contributions of the latter three peaks will be denoted as
C–O bond in the rest of this thesis.
2.3.3 X-Ray Diffraction (XRD)
X-ray Diffraction (XRD) is a technique to determine the crystallinity of the coating.
A thin film Philips PW3710 X-Ray Diffractometer, equiped with a Cu-Kα source, was
used. The angle of incidence was fixed at 2.5◦, while the solid state detector was scanned.
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Figure 2.5: An example of the fitting procedure of several gaussians to a C(1s) XPS peak.
2.3.4 Secondary Ion Mass Spectrometry (SIMS)
Secondary Ion Mass Spectrometry (SIMS) is a technique in which a surface is bom-
barded by energetic primary ions. The masses of ionized species (both ions and charged
clusters) that are sputtered from the surface are measured. When a very low number
of bombarding ions is used, less than 1013 atoms/cm2 per measurement, the measured
surface is almost undamaged. This region is called the ‘static’ regime [94, 95]. Travaly
et al. showed [96] that static SIMS can be used to study an interface between a metal
and polymer. Detected clusters may partially originate from the coating and partially
from the substrate. In this way, it is possible to prove the existence of chemical bonds
(‘bridges’) between the coating and a substrate. Therefore, this technique may be in-
teresting for studying the interface of CaP with polymeric substrates as well. Besides,
Chusuei et al. were even able to identify different CaP phases by SIMS [97]. Static
SIMS measurements were performed on a modified VGSIX23LS ToF-SIMS instrument,
at the Laboratory of Surface and Interface Analysis, Department of Engineering Mate-
rials, University of Sheffield, United Kingdom. Ga ions with an energy of 25 keV were
used as the bombarding species. Positively charged ions and charged clusters were ex-
tracted and accelerated from the surface region by using a negative potential. The mass
of the species was detected using a Time-of-Flight (ToF) setup. The probing depth of
SIMS is only a few monolayers. More experimental details can be found elsewhere [98].
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2.3.5 Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM) is a technique in which the morphology of a mate-
rial is determined from the force between a tip and the atoms in a surface. The tip is
placed on a cantilever which bends to follow the surface morphology. The bending of
the cantilever is registered using a laser beam, which reflects from the moving cantilever.
The measurements in this thesis were done using a Nanoscope IIIa from Digital Instru-
ments. The scans were all taken in contact mode using a Si3N4 tip. Typical scan size was
between 500 × 500 nm2 and 10 × 10 µm2.
2.3.6 Scanning Electron Microscopy (SEM)
Some samples, especially after mechanical testing, were examined in a JEOL 6310 scan-
ning electron microscope. The secondary electrons were used for the imaging process.
For the identification of species on certain spots in a SEM micrograph, Energy Dispersive
X-ray Analysis (EDX) was used.
2.4 Adhesion testing
Adhesion was already stated to be quite a complex phenomenon (section 1.3.1). Measur-
ing adhesion in an accurate and quantitative way is difficult. A large number of articles
that deal on the subject of adhesion measurement of coatings exist. Mittal made a se-
lected bibliography on adhesion measurements, which already contains almost 300 ref-
erences [99]. The number of adhesion measurement techniques is very large. The used
methods range from very simple methods, like the Scotch tape test (e.g. in [100,101]), to
advanced methods like laser spallation [24,102]. Mittal gave an extensive list of 200-250
different techniques which are used to measure adhesion [103]. The question which tech-
nique is most suitable for a specific system, was answered by him as follows: “The best,
rather most appropriate, method is the one that simulates usage stress conditions” [99].
However, in practice, the choice is often limited by the availability of a certain technique.
Luckily, Kinbara et al. [104] showed that even very different adhesion tests (scratch, peel,
and pull) are all useful in measuring the adhesion of systems, though different quantities
are measured in the tests.
For the adhesion measurements in this thesis, several techniques were used. These
are schematically depicted in figure 2.6.
2.4.1 Tensile test
Figure 2.6A shows a standard tensile test. The CaP coated polymeric substrate was glued
to a metal pull rod (diameter 12 mm) using a standard epoxy adhesive (Bison epoxy-
metal, Bison International, Goes, The Netherlands), which cured within 24 hours at room
temperature. Because of the inertness of the polymeric substrates, the adhesion with the
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Figure 2.6: The different ways in which adhesion tests were performed. (A) shows
the standard tensile test, in which a both sides coated substrate, is glued to pull rods. (B)
shows a similar method, but now only one side is glued to a pull rod. (C) shows a method
in which the coated substrate is elongated in the direction of the interfacial plane. (D)
is a schematic of a scratch test, in which a stylus puts a force F on the coated substrate.
The substrate moves in the direction x while being loaded. (E) shows the 180◦ bend test,
which is suitable for flexible substrates.
epoxy adhesive was poor. Therefore, the substrate was coated on both sides. Moreover,
the pull rods are roughened by grit blasting prior to the bonding, in order to increase
adhesion with the epoxy adhesive. After curing, the system was put into an Instron test
bench. The rods were pulled in opposite direction with a speed of 0.5 mm/min. The
force which was needed to separate the system was registered. After testing, the locus of
failure was detected using SEM, in combination with EDX.
An alternative way to perform the adhesion tensile test was by glueing one pull rod
to the CaP coated polymeric substrate (figure 2.6B). Only one side of the substrate was
coated now. The system was, after curing, clamped into a specially designed holder
which was connected to the other pull rod. The advantage of this system is that only one
interface is tested, instead of the two in figure 2.6A (of which the weakest will break).
The force at which the system breaks was measured. The locus of failure was again
found by using SEM, in combination with EDX.
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2.4.2 Elongation test
A very different and less common way of testing the adhesion was done by pulling a
clamped sample, but now the direction of the applied force was in the interfacial plane
(figure 2.6C). In this way, the CaP coated polymeric substrate was slowly elongated at a
rate of approximately 0.5 mm/min. The original size of the sample was 30×10×1 mm3.
The sample was elongated until the central 10 mm of the sample doubled in size, making
the sample size roughly 40 × 10 × 1 mm3. The sample was coated on one side only.
After testing, the material was studied using SEM and EDX. Although this method does
not give an absolute number for coating adhesion, it gives a qualitative idea about the
adhesion, depending on the mode of failure of the coating.
2.4.3 Scratch test
The scratch adhesion test is a rapid and reliable method to measure qualitatively the ad-
hesion of thin films [84,105,106]. In this test, a stylus is moved across a coated substrate
(figure 2.6D). During the movement, the force on the stylus is increased. Depending on
the system, a critical load, which is the force at which the stylus penetrates or delaminates
the coating is determined. Although no absolute value for the adhesion can be extracted,
at least a good comparison of the adhesion of comparable systems can be obtained in a
relatively simple way.
Besides the determination of the critical load, also the amount of delamination of the
coating around the scratch gives a qualitative indication of the degree of adhesion. For
thicker coatings, the so-called Rockwell C stylus is often used [82, 106, 107]. This is a
stylus, consisting of a 120◦ cone, with a spherical apex of several 100 µm’s. For thinner
coatings, it is better to use a stylus with a smaller tip radius. A good article, written
by Wu [84], describes these kind of experiments. Typical tip radii that are used in his
experiments are between 1 and 10 µm.
The scratch adhesion tests in this thesis were performed by using an Universal Sur-
face Tester (UST, Innowep GmbH, Germany). Briefly, the instrument worked as follows.
Three scans were made over the same region. The first and third scans were made with
a small force, while the second scan was the actual scratch, in which the force was in-
creased along the path. The height profile was measured during the three scans. When
the third profile is lower than the first, this is due to the plastic deformation, resulting
from the scratch (second scan). However, when the third profile is higher than the first,
it is the result of detached material that accumulated in front of the stylus, indicating the
failure of the coating. After the scratch adhesion test, SEM was used for examining the
scratched regions for coating delamination.
Three different stylii were used for scratch tests. SEM images of the stylii are given
in figure 2.7. Figure 2.7A shows the ball stylus with a diameter of 0.8 mm (further
abbreviated in this thesis as ‘ball stylus’). Figure 2.7B shows the 90◦ diamond stylus,
which has a tip apex of several µm (further abbreviated in this thesis as ‘90◦ stylus’).
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Figure 2.7: The three stylii that were used for scratch adhesion tests. (A) shows the ball,
(B) the 90◦ stylus, (C) the scratch diamond, and (D) a schematic side view of the scratch
diamond.
Figure 2.7C shows the scratch diamond, the side view of which is schematically drawn
in figure 2.7D. The front of the stylus is flat, while the angle between the direction of
travel and the bottom side of the stylus is 5◦.
The ball stylus was used for determining the adhesion from the scratch profiles di-
rectly, as it had the highest tendency to accumulate detached material ahead of the sty-
lus. This could be observed directly from the measured profiles. The 90◦ stylus and the
scratch diamond, being much sharper, often penetrated the coating. Therefore, the height
profile usually did not give information on coating failure. However, the 90◦ stylus and
the scratch diamond tracks were more suitable for observation by SEM. This was the re-
sult of a higher degree of delamination around the scratch and the scratches being deeper,
which made them easier to find by SEM. We noticed, that the 90◦ stylus was less violent
than the scratch diamond, as coatings sometimes could resist the 90◦ stylus, while the
scratch diamond delaminated coatings. The opposite was never observed. The combi-
nation of the three stylii gave a useful tool for judging the relative degree of adhesion of
different samples.
2.4.4 180◦ bend test
Figure 2.6E shows the bend test, in which the coated substrate is bent (180◦ in our case)
with a certain radius [108]. Thereafter, the bent region is examined for coating failure.
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Determination of Photoelectron Attenuation Lengths in CaP
ceramic
3.1 Introduction
XPS is a technique that has already been used for a long time to study natural or synthetic
CaP. Usually, the quantification of the results is done by correcting the measured XPS
yields with an elemental sensitivity factor. The sensitivity factors for these elements (Ca,
P, and O in the case of CaP ceramic) are derived from thick (stochiometric) reference
samples [109, 110]. Unfortunately, when going to very thin layers of CaP, which is the
case when one wants to study the growth and structure of the interface (chapters 4 and
5), this quantification method is erroneous. Owing to differences in escape depth for
photoelectrons with different energies, the measured ratios of the elements vary with
coating thickness. Only by correcting for this effect, it becomes possible to derive the
chemical composition and thickness of the coating directly from the XPS yields.
The reason for the limited escape depth of electrons is their elastic and inelastic
scattering. The typical length scale for inelastic scattering is called the inelastic mean
free path (IMFP), whereas the typical length scale, which includes both elastic scattering
and inelastic scattering, is called the attenuation length (AL). Even though the elastic
scattering, and therefore the AL, depends somewhat on the XPS configuration and the
electron emission angle, the AL is considered to be a useful parameter for the analysis of
thin coatings [111–113].
In the literature, several equations have been proposed to describe the IMFP or AL
of elemental, organic, and inorganic materials. Tanuma et al. [114–117] and Gries [118]
developed equations for the IMFP, while Seah and Dench [119], Cumpson and Seah
[111], and Wagner et al. [120] proposed equations for the AL. Some of these are purely
empirical relations, whereas others have a physical basis. Generally, the true AL can
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easily deviate 20% from the predictions of an empirical equation. Therefore, the aim in
this chapter is to measure the AL for CaP, instead of using a predictive equation only.
3.2 Theory
Before describing the experiment, it should be noted how the XPS yield depends on
certain factors. The XPS yield for element X (YX ) with photoelectron kinetic energy EX
from a layer with thickness d, is given by [91, 121]:
YX (d) = I FσX (hν)
∫ d
0
NX (x) exp
( −x
λ(EX ) cos θ
)
dx (3.1)
In this equation, I is the flux of incoming x-rays per unit area, F is the energy-dependent
detection efficiency of the spectrometer, σX (hν) is the cross-section for emission of a
photoelectron in the direction of the analyzer, NX (x) is the atomic density of element
X as a function of depth x , and λ(EX ) is the AL of the electrons. For bulk samples,
the integral in equation 3.1 is taken from zero to infinite depth. This results in an XPS
photoelectron yield, which is given by:
Y ∞X = I FσX (hν)NXλ(EX) cos θ (3.2)
For thin layers (where NX is constant), the XPS yield can be calculated by integrating
from zero to layer thickness d instead. Equation 3.1 becomes:
YX (d) = Y ∞X
[
1 − exp
( −d
λ(EX ) cos θ
)]
(3.3)
On the other hand, when a substrate is covered by a coating with thickness d, the XPS
yield from an element in the substrate decreases, according to:
YX (d) = Y ∞X exp
( −d
λ(EX ) cos θ
)
(3.4)
In this work, we measure the XPS yield of samples with an increasing and known
CaP coating thickness d, in order to verify relations 3.3 and 3.4. From the XPS yield
(YX ) versus thickness (d) plot, we find the AL (λ(E X )) for the different XPS peaks.
This makes a comparison with the proposed empirical equations possible. Knowing the
energy-dependent AL gives a tool to study thin layers (composition and thickness) and
the growth of an interface in a quantitative and correct way.
3.3 Experimental
For the experiments, CaP ceramic films were deposited on PS and PE. The deposition
power was 200 W and the Ar pressure 5.0 × 10−3 mbar. A plasma sprayed HA target
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Figure 3.1: The image on the left shows the original AFM picture of CaP on PS. The
image on the right shows the variation in local absolute steepness s. The height scale is
only valid for the left image.
was used and the deposition time was varied between 12 sec and 60 min. The deposited
coatings were amorphous.
RBS was used to determined the coating composition and thickness. The ion beam
hit the sample at an angle of 45◦ and the backscattering angle was 115◦ with respect to
the incoming beam.
XPS analysis was done with the electron analyzer set at a pass energy of 20 eV
(for the O(1s), C(1s), Ca(2p), and P(2p) peaks) or 100 eV (for the C(KLL), Ca(LMM),
O(KVV), Ca(2s), and P(2s) peaks). The area of the XPS peaks was determined after the
background subtraction procedure that was described in chapter 2.3.2.
The as-deposited films are not absolutely flat. Their roughness can be characterized
by the average absolute steepness. This value is derived from the local steepness s,
defined as the tangent of the angle of the local surface with respect to the macroscopic
sample plane. From the obtained AFM images, with a typical scan size of 1 × 1µm2, the
steepness s in every pixel of the image was determined by comparing the height of the
pixel to the heights of the surrounding pixels. This process is demonstrated in figure 3.1.
From the absolute steepness of all pixels, the average absolute steepness was calculated.
3.4 Results
The Ca(2p), P(2p), O(1s), and C(1s) XPS yields versus coverage are shown in figure 3.2.
These data are for two separately made series of CaP on PS. The data of the two series
of CaP on PE are not shown here, but they appear similar. The lines in the graphs are a
fit to the data: equation 3.3 in the case of Ca, P, and O, and equation 3.4 in the case of C.
The two fit parameters are the Y ∞X (the XPS saturation yield) and λ (the AL). The AL is
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Figure 3.2: The XPS Ca(2p), P(2p), O(1s), and C(1s) yields as a function of CaP coating
coverage. The lines in the graphs are fits of equation 3.3 (in the case of Ca, P, and O) and
3.4 (in the case of C) to the data.
determined for the two series on PS and the two series on PE. The average value of these
four ALs are given in figure 3.3 for several XPS and Auger peaks. The error bars are
based on the variation in the ALs of the four values. For reasons that will be discussed
later, the ALs of C and O cannot be trusted and are therefore given in a different symbol
than the ones for Ca and P. The Ca(2p) (kinetic energy = 905 eV) and P(2p) (kinetic
energy = 1121 eV) peaks are most often used for the analysis of CaP coatings. The AL
of these peaks are 21.8 × 1015 at./cm2 and 26.8 × 1015 at./cm2 respectively.
A
√
Ek dependence is often used as a phenomenological description of ALs. The
solid line in the figure is a fit of the form c · √Ek to the P and Ca data points, in which
Ek is the electron kinetic energy. The value of the fitting parameter c amounts to 0.72 ·
1015 at. cm−2eV−1/2. The other curves in figure 3.3 are referred to in the discussion.
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Figure 3.3: The ALs of Ca and P (•) and O and C () as a function of the electron kinetic
energy. The drawn lines are referred to in the text.
3.5 Discussion
We measured the ALs for several Ca, P, O, and C XPS peaks at different kinetic energies.
The expected XPS yields as a function of CaP coating coverage (figure 3.2) are described
by equations 3.3 and 3.4. These relations describe the experimental data very well. The
ALs for C and O peaks lie well below the ALs that were found for Ca and P. For reasons
discussed below, we will discard the C and O data and focus only on the Ca and P data.
The ALs for Ca and P peaks seem to be well represented by several model descrip-
tions (figure 3.3). The energy dependence of the ALs of Ca and P are fairly well described
by λ = 0.72√Ek (solid line in figure 3.3). Of course, it is interesting to compare our re-
sults to empirical equations that have been proposed in literature. First, we compare our
results to the equation for inorganic compounds, as proposed by Seah and Dench [119]:
λ = 2170/E2k + 0.72
√
aEk (3.5)
In this equation, λ is the AL (in monolayers) and a is the lattice parameter (in nm).
The 2170/E2k component of the equation is only relevant for kinetic energies lower than
200 eV and can therefore be ignored in the comparison with the experimental results in
this work. Unfortunately, because our material is amorphous, no value for a is known.
Moreover, the predicted value will be in monolayers, whereas our ALs are given in
1015 at./cm2. To be able to compare our results with equation 3.5, the following as-
sumption is made. The O content and Ca/P ratio of our films have a composition close
to that of HA (chapters 4 and 5). If we assume that our amorphous material has approxi-
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mately the same density as crystalline HA [122] (3.16 g/cm3) it is easy to calculate that
1 nm of material contains 8.3 × 1015 at./cm2. If the assumption is made now that the
atoms are on a cubic lattice, the spacing of the atoms has to be 0.23 nm and one mono-
layer of material contains 1.9×1015 at./cm2. With these numbers, equation 3.5 becomes
λ = 0.66√Ek in which λ is now expressed in 1015 at./cm2 and the low energy part of
equation 3.5 is again ignored. This equation is plotted as a dashed line in figure 3.3. The
fit to our data gave a prefactor of 0.72 instead of 0.66. This means that our experimental
ALs are 9% higher than the ALs predicted by equation 3.5.
Wagner proposed a more general equation for the AL:
λ = k Emk (3.6)
where k and m are both fitted parameters [120]. Substantially higher exponent values
than the 0.5 of equation 3.5 were found for several materials [120,123]. However, fitting
equation 3.6 to our data gave an exponent of 0.55 and a prefactor of 0.52. This relation
is almost indistinguishable from the solid line in figure 3.3 and therefore is not plotted.
So, for CaP the more general equation of Wagner does not give a significantly better
description of our data than the equation of Seah and Dench (equation 3.5).
Cumpson and Seah also proposed a general equation (CS1) for the AL, which is
given by [111]:
λ = 0.160
[
Ek
Z0.45 [ln(Ek/27) + 3] + 4
]
(3.7)
The AL is predicted in monolayers and Z is the average atomic number of the material.
If, again, the assumption is made that one monolayer of our material consists of 1.9×1015
at./cm2 and that the average Z is equal to that of HA (11.4), the CS1 curve in figure 3.3
is obtained. The agreement between this predicted curve and our experimental data is
somewhat worse in the low energy region (Ca(LMM) peak), but is good in the important
region of kinetic energies higher than 800 eV, where the XPS peaks that are mostly used
for studying CaP are present.
Tanuma et al. proposed a modified Bethe equation (TPP-2M) for the IMFP of ele-
mental, inorganic, and organic solids [117]. We calculated the TPP-2M equation using a
software package, available from NIST [124]. The TPP-2M equation needs some input
parameters for which we used the values for HA, like the number of valence electrons
(104), the density (previously mentioned) and the molecular weight (502.3 a.m.u.). The
largest uncertainty is the bandgap energy. In a separate optical absorption experiment, we
found it to be approximately 6.5 eV (figure 11.2 in chapter 11). To convert the calculated
IMFPs to ALs, we used the following equation, that was proposed by Seah [119]:
AL = IMFP(1 − 0.028Z 0.5) [0.501 + 0.068 ln(Ek)] (3.8)
In this equation, Ek is the electron kinetic energy and Z is the atomic number. For the
latter, we used the average Z number (11.4) of HA. The calculated data is also given
in figure 3.3 (dotted line). From this figure, it is clear that the TPP-2M predicts ALs
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that are ∼ 30% lower than those predicted by the CS1 equation. The exact reason for
this difference is unknown. The fairly strong variation of the TPP-2M equation for large
bandgaps may be the origin of this discrepancy. It should, however, also be mentioned
that the TPP-2M equation predicts the IMFP for inorganic compounds worse than those
for organic and elemental materials. On average, a RMS error of 18.9% was found for
inorganic materials [117]. Therefore, a fairly large deviation of the TPP-2M predicted
values and our experimental data is not surprising.
Great care has to be taken when measuring ALs because there are many potential sources
of systematic errors [113, 125]. Therefore, the influence of elemental concentration pro-
files near the interface and the influence of roughness and growth mode on the determined
ALs will be discussed. But first, the reason why the C and O data were discarded will be
given.
Discarding the C and O data
In chapters 4 and 5, we show the presence of a strong chemical interaction between
the deposited CaP coating and the polymeric substrate. This reactivity is induced by
the breakage of bonds at the polymeric surface due to energetic bombardment during
the deposition process. As a result, a preferential bonding of oxygen to the polymeric
chains was observed. This excess of oxygen gives a quicker rise and saturation in the
XPS yield versus coverage graphs, which ultimately leads to a low determined AL. The
oxygen that replaces the carbon in the polymeric substrates leads to a quicker decrease
in the XPS carbon yields versus coverage plots, yielding a low measured AL for carbon.
In conclusion, owing to the strong interaction with and diffusion of oxygen into the
damaged polymeric substrates, the ALs that were found for C and O cannot be trusted
and were therefore ignored.
Influence of P and Ca concentration profiles
One may wonder to what extent a varying concentration profile of P or Ca near the inter-
face affect the measured AL. In chapters 4 and 5, we present the P and Ca profile nearby
the interface, as measured by XPS and RBS. The broadest concentration profile is present
on Ca. Therefore, the largest influence of the concentration profile on the measured AL
can be expected for this element. To estimate this influence, the following calculation
was performed. The integral in equation 3.1 was solved for both a constant Ca profile
(NCa(x) = 23) and an increasing Ca profile (NCa(x) = 23
[
1 − exp(−x/5)]), in which
NCa(x) is the Ca atomic percentage and x is the coating coverage (in 1015 at./cm2). The
latter profile resembles a Ca concentration near the CaP interface with PE or PS (left
graph in figure 3.4). The graph on the right in figure 3.4 gives the expected XPS yield
versus coverage for both the flat Ca profile and the increasing Ca profile. A slight differ-
ence in behavior is observed. Refitting equation 3.3 to both profiles gives an increase of
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Figure 3.4: (Left) A flat Ca profile (solid line) and an increasing Ca profile (dashed line).
(Right) The corresponding XPS yields as a function of CaP coverage.
∼ 5% in AL in the case of the increasing Ca profile, instead of the flat Ca profile. Thus,
the presence of concentration gradients of P and Ca near the interface has an influence on
the measured AL. However, the effect is limited to an ∼ 5% overestimation of the AL.
Influence of surface roughness
The presence of roughness may also significantly alter the determined AL. Roughness
was present on both the PS and PE substrates. The average absolute steepness of the
morphology varied between 0.4 and 1.0 for PS and between 1.0 and 3.0 for PE (based
on AFM measurements). To estimate the effect of the roughness on the measured AL,
a simple computer simulation was used. The procedure is given in the appendix of this
chapter. Based on these simulations, we conclude that for PS the effect of the roughness
on the measured AL is small (an overestimation of the AL of < 5%), whereas for PE it
may be larger (an overestimation between 5 − 40%). However, even given these estima-
tions, no systematic differences were found between the ALs found for the PS and PE
series of measurements.
Influence of growth mode
Finally, the variation in growth mode may significantly alter the determined AL. There-
fore, a careful experiment and a well-characterized system are needed for an accurate
determination of the AL [123]. In practice, a perfect uniform coating thickness is dif-
ficult to obtain, because most materials grow in islands [111]. Also in our system, a
uniform layer growth is not present. In order to estimate the effect of the growth mode
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on the determined AL, a computer simulation similar to that used for estimating the ef-
fect of roughness was performed. The procedure again is given in the appendix. Based
on these simulations, we conclude that the error made in the determination of the AL
gives an overestimation of 0 − 20%.
In conclusion, even though there are complicating factors in our measurements of the
ALs for Ca and P (roughness, concentration profiles, and uncertainty in growth mode),
we are confident that the ALs that we measured are quite accurate for Ca and P. The mea-
sured values are best predicted by the CS1 equation (equation 3.7). Therefore, this equa-
tion can best be used to predict the ALs of electrons in CaP ceramic, except possibly in
the low electron energy regime. We cannot exclude that our data possibly overestimates
the true ALs. Using the ALs, the composition and thickness of very thin CaP layers can
be derived accurately from the XPS yields.
3.6 Conclusions
In this work we determined the ALs for CaP ceramic. We found that the AL for C and O
could not be measured reliably owing to diffusion of oxygen into the polymeric material.
However, the AL of several Ca and P XPS and Auger peaks could be determined. The
two peaks that are generally used for quantification of XPS results are the Ca(2p) peak
(kinetic energy = 905 eV) and the P(2p) peak (kinetic energy = 1121 eV). For these peaks
we found ALs of 21.8 × 1015 at./cm2 and 26.8 × 1015 at./cm2, respectively. The varying
concentration profiles near the interface and roughness appeared to have no measurable
effect on the ALs. Our measured ALs are best predicted by the empirical CS1 equation
(equation 3.7).
Appendix
Influence of roughness on the measured AL
To estimate the influence of morphological features on the determined AL, a simple com-
puter model was used. A quantity that is useful for the description of roughness is the
average absolute steepness of the features [126, 127]. The shape of a typical morpho-
logical feature is described by a function f (x), where x is the position. Examples of
some possible morphological features are given in figure 3.5. Origins of electron emis-
sion are randomly generated between f (x) and f (x) + t , where t is the thickness of the
coating (black dots in the top drawing in figure 3.5). The electrons are emitted towards
the position of the detector, in our case 15◦ off-normal. Every electron travels a random
distance d; d is generated using d=λA| ln |, where λA is the assumed AL, and  is a
random number between 0 and 1 [128–130]. A determination is then made as to whether
the electron escaped the material. If not, the particle is rejected, otherwise it contributes
to the measured XPS yield. Independent of the average absolute steepness, morphology,
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Figure 3.5: The measured AL as a function of average absolute steepness for several
morphologies. The assumed AL is 2 nm. The topmost schematic drawing is used to
explain the model which is described in the text.
or coating thickness, an equal number of electrons are emitted per unit coating volume.
The XPS yield is now determined as a function of coating thickness for a certain aver-
age absolute steepness and assumed morphology. The AL, as it would be measured, is
now found by refitting equation 3.3 to the calculated data. The curves that are given in
figure 3.5 are second-order polynomial fits to calculated points for different average ab-
solute steepnesses. The calculations were done for several morphological features (i.e.,
different functions f (x)). The calculated results are independent of the period of the
morphological features. The assumed f (x) shapes are (from top to bottom in figure 3.5)
sin(x), sin2(x), triangular, and
√
1 − x2. By varying the amplitude of these functions,
the average absolute steepness can be controlled.
The results for all but the
√
1 − x2 function are fairly similar. This is not surprising,
because the shapes of these functions are comparable. Below an average absolute steep-
ness of 2.0, the results are almost the same for all four morphologies. Our coatings on
PS have an average absolute steepness between 0.4 and 1.0, whereas on PE it is between
1.0 and 3.0. In the former case, the influence of the morphology on the determined AL
is small (an overestimation of < 5% for AL), whereas in the latter case the error in the
determined AL due to the morphology may be large (an overestimation of 5 − 40% for
AL).
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Figure 3.6: The ratio of the input (true) AL and apparent AL, as a function of the aspect
ratio of an ellipsoidal-shaped growing feature. The inset shows schematically the model
that was used for the calculation. A b/a ratio of zero corresponds to a flat layer.
Influence of growth mode on the measured AL
In order to estimate the effect of the growth mode on the measured AL, we did a simula-
tion similar to the one described above. Now, the CaP coating is assumed to start growing
as small islands with an ellipsoidal shape, of which the height (b) to width (a) ratio (b/a)
is varied. The small islands grow in size until they coalesce. Then the coating becomes
thicker, thereby keeping the morphology. This procedure is drawn schematically in figure
3.6.
The assumed growth mode and feature appearance resemble those of the growing
CaP film. The same computational method that was used to estimate the effect of rough-
ness was employed to calculate the apparent AL. The angle between electron analyzer
and surface normal in the simulations was again 15◦. The ratio of the assumed true AL
(2.5 nm in the calculations) to the apparent one, as a function of the ellipsoid aspect ratio
(b/a), is given in figure 3.6. The region with typical values for the aspect ratio of the
features in CaP, as estimated from AFM pictures, is also indicated in this figure. From
this, it can be estimated that the error introduced in the determination of the AL, as a
result of the growth mode, is 0 − 20%.
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The interface between CaP and PS, and CaP and PTFE
4.1 Introduction
As was stated in chapter 1, the structure of the interface plays a crucial role in adhe-
sion. The presence of chemical bonds across the interface increases adhesion. Numer-
ous examples were given where others successfully increased the coating adhesion by
pretreating the polymeric substrates. Although some work has been done on adhesion
improvement of CaP coatings on polymers [43], little is known about the structure of the
interface between a CaP coating and polymeric substrates. This chapter describes the
formation of the interface between CaP and two polymers: PS and PTFE. The compo-
sition of the interface and the formation of bonds between the coating and the substrate
are described for both untreated and plasma pretreated polymeric substrates.
4.2 Experimental
4.2.1 Plasma pretreatment and coating deposition
Half of the polymeric substrates were plasma pretreated prior to CaP coating deposition,
while the other half was left untreated before the coating was applied. The plasma pre-
treatment was performed in 2 × 10−3 mbar O2 gas. The power was 200 W and plasma
pretreatment was carried out for 30 s. After plasma pretreatment the samples were left in
the O2 gas for 20 min prior to coating deposition in order to ensure a complete reaction
between the modified surface and O2.
For the CaP deposition, a copper disk with plasma sprayed HA was used as the
sputter target. An Ar pressure of 5 × 10−3 mbar was obtained. The power applied to
the target was 200 W and the deposition time was varied between 12 s and 60 min. The
sample holder was rotated during deposition.
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4.2.2 Analysis
After preparation, the samples were analyzed using RBS and XPS. In the case of PTFE,
the F background in RBS makes an accurate determination of the O content of the coating
impossible.
XPS was used to check for the presence or absence of certain chemical bonds at the
interface. For determining the number of C–O bonds at the interface the following pro-
cedure was performed. After correcting the C(1s) spectrum for charging, four Gaussian
functions with a full width at half maximum (FWHM) of 1.6 eV and positions centered
at 284.6 eV, 286.1 eV, 287.5 eV, and 288.9 eV were curve fitted. The first peak position
correspond to C–C or C–H bonds, while the latter three positions correspond to different
configurations of C connected to one or more O atoms [34]. The peak areas of the three
configurations are taken together and are further denoted as the C–O bond.
XPS was also used to determine the composition of the coating. The composition
was extracted from the raw data by correcting for the transmission function of the elec-
tron analyzer (chapter 2), variations in attenuation lengths (chapter 3) and sensitivity
factors for the elements. The sensitivity factors were determined for our system using
CaP samples with known composition and thickness. The XPS determined composition
is particularly important in two cases where analysis with RBS is difficult. In the first
place, at low coating thickness (∼monolayer) only XPS is sensitive enough to determine
the coating composition. In the second place, the determination of the O content in the
CaP coating on PTFE is easier with XPS, because in RBS the small O signal is on a high
F background. In the regions where both techniques are able to determine the composi-
tion of the coating, good agreement between the composition as measured by XPS and
RBS was found. Therefore, the XPS and RBS determined compositions are both used in
the following section.
SIMS measurements were performed on plasma pretreated PTFE, both with and
without an extremely thin CaP coating (∼ monolayer). As was explained in chapter
2.3.4, SIMS can be used to detect clusters that are ejected from an ion bombarded surface.
These clusters may give insight in the structure of the CaP-PTFE interface.
Finally, AFM was used to probe the morphology of CaP on PS. Both the untreated
and plasma pretreated series were studied.
4.3 Results
4.3.1 Coating composition
PS
Figure 4.1 displays the amount of O and the Ca/P ratio in the CaP coating on untreated
and plasma pretreated PS, as a function of the CaP coating thickness. Initially a high
amount of O is present in the coating. The low Ca/P ratio in the first nanometer indicates
that the amount of P close to the interface is high compared to the amount of Ca. The
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Figure 4.1: Composition of the CaP coating on PS as a function of coating thickness
for both untreated (•) and plasma pretreated () PS. The left graph shows the absolute
amount of O and the graph on the right shows the Ca/P ratio in the CaP coating.
influence of the substrate is visible in the first 1.5 nm. This width is typical for an
interface between a coating and PS [131]. Our data also showed no difference in coating
composition between untreated and plasma pretreated material.
PTFE
Figure 4.2 displays the amount of O and the Ca/P ratio on plasma pretreated PTFE, as a
function of the CaP coating thickness. The plasma pretreatment did not introduce O into
the PTFE surface. In contrast to PS, initially a low amount of O is present in the coating.
Further, a very high Ca/P ratio is observed. The width of the interface is approximately
10 nm which is much broader than the interface of CaP on PS.
For PTFE, only the results for the plasma pretreated material are given, because
the untreated PTFE gave very irreproducable results. We ascribed this irreproducable
behavior to a low molecular weight (LMW) layer which varied between samples. The
LMW layer is visible in the C(1s) XPS measurement in figure 4.3. C atoms with varying
numbers of F atoms (e.g., CF, CF2, and CF3) were detected in the untreated material.
The plasma pretreatment resulted in the removal of the LMW layer; only CF2 groups
were detected by XPS. This solved the reproducibility problem.
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Figure 4.2: Composition of the CaP coating on PTFE as a function of coating thickness
for plasma pretreated PTFE. The left graph shows the absolute amount of O and the
graph on the right shows the Ca/P ratio in the CaP coating.
Figure 4.3: XPS C(1s) and F(1s) spectra of untreated and plasma pretreated PTFE. The
indicated C–CF bond means that F is connected to the next C atom.
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Figure 4.4: XPS C(1s) spectra of untreated and plasma pretreated PS, both with and
without 2 nm CaP coating.
4.3.2 Formation of chemical bonds
PS
Figure 4.4 shows XPS C(1s) spectra for untreated and plasma pretreated PS, both with
and without a CaP coating of 2 nm. The spectrum of the untreated PS shows two peaks.
The large peak at 284.6 eV corresponds to the C atoms which are bonded with hydrogen
or other C atoms. The small peak is a shake-up satellite which is the result of the aromatic
group in PS [132].
O plasma pretreatment results in the introduction of new functional groups (carboxyl,
carbonyl, hydroxyl, etc.) in PS. As a result, a shoulder appears at the high binding energy
side of the C–C/C–H peak (indicated in figure 4.4 by the C–O/C=O region). This effect
has been described before in numerous articles [49, 56, 133–136]
If a CaP coating (thickness ∼2 nm) is deposited on the untreated and plasma pre-
treated PS, two identical spectra are obtained. In both spectra, C–O groups are present
in an equal amount. The presence of C–O bonds between the coating and untreated PS
surface, indicates that chemical bonds in the polymer are broken during deposition of the
coating on the PS substrate. This allows the formation of bonds between polymer and
coating.
Figure 4.5 shows the C–O/C–C ratio as a function of coating thickness for untreated
and plasma pretreated PS. For the untreated PS, the C–O/C–C ratio increases from ap-
proximately 0.0 up to a value of 0.6, after which it decreases to a value of 0.2. The
increase of the C–O/C–C ratio proves that C–O bonds are formed during the deposition
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Figure 4.5: C–O/C–C ratio as a function of coating thickness for untreated (•) and plasma
pretreated () PS. The C–O/C–C ratio for high coating thickness is also given ()
of the CaP coating. The decrease that follows is the result of the limited probing depth
of XPS; electrons that are generated in the interface region cannot reach the surface. The
low C–O/C–C ratio that was found for high coating thickness is the ratio in the small
amount of C contamination present either in or on top of the coating. In the figure also
the curve for the plasma pretreated PS is shown. Without coating, the C–O/C–C ratio is
high as a result of the O plasma pretreatment. When the coating thickness increases, a
decrease in the C–O/C–C ratio is found up to ∼2 nm, where the curve of the untreated
series is reached. After this, the behavior of the plasma pretreated and untreated series is
identical.
PTFE
Figure 4.6 shows the XPS F(1s) spectra of plasma pretreated PTFE with increasing CaP
coating thicknesses. For PTFE without CaP, only one peak is present (F–C bonds). When
CaP coating thickness increases, the F–C peak decreases in intensity, while a new side
peak evolves. This peak is the result of a chemical bond between F and Ca (F–Ca bonds)
[137]. Clearly, F–Ca bonds are created during the deposition of the CaP coating on the
PTFE substrate.
Figure 4.7 shows the evolution of the F–C and F–Ca peak yields, as a function of
coating thickness. The F–C peak shows a quick decrease to a constant yield. The F–Ca
peak shows an increase in intensity when the coating thickness increases. After reaching
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Figure 4.6: XPS F(1s) spectra of uncoated PTFE (A), and PTFE with an increasing
amount of CaP (B and C).
Figure 4.7: F–C and F–Ca XPS yields as a function of coating thickness. The dashed
line is the expected decrease of the F signal when no F is lost from the PTFE substrate.
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Figure 4.8: SIMS spectra for plasma pretreated PTFE, without (top graph) and with
(bottom graph) a CaP coating.
a maximum intensity, the F–Ca signal decreases to a constant yield. The dashed line
in the figure is the expected decrease in intensity of the XPS F(1s) signal when the total
amount of F would remain constant in the substrate. The calculation is based on equation
3.4 in section 3.2, with an assumed electron attenuation length (AL) of 1.9 nm. This AL
is based on the CS1 equation, which was found to be the most suitable for our system
(chapter 3). Evidently, the figure reveals that the initial decrease of F signal in the ex-
periment is much higher than predicted by theory. This indicates that a lot of F is lost
during the deposition of the CaP coating on the PTFE. The loss of F is also visible in the
XPS C(1s) spectrum (not shown), because peaks, resulting from C atoms with a reduced
number of F atoms, appear in the measurements. The saturation of the F XPS yields
does not approach zero intensity with increasing CaP coating thickness. This indicates
the presence of some F in the deposited coating.
The SIMS measurement of plasma pretreated PTFE, with and without the thin CaP
coating are given in figure 4.8. The spectrum of the plasma pretreated PTFE shows
numerous peaks that can be attributed to clusters that arise from PTFE. When the coating
is applied, new peaks appear at m/z=20 (Ca2+), 40 (Ca+), and 59 (CaF+). Peaks that
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Figure 4.9: The morphology of ∼ 2 nm (average coating thickness) CaP on PS. The left
figure shows the CaP on the untreated PS, the right figure shows the CaP on the plasma
pretreated PS. The height scale is valid for both images.
give a higher intensity when the coating is applied are at m/z=12 (C+) and 31 (CF+).
The intensity of the heavier clusters (m/z > 80) is strongly reduced when the coating is
applied.
4.3.3 Coating morphology
Figure 4.9 shows AFM images of ∼ 2 nm (average coating thickness) CaP on PS. The left
image shows the case for untreated PS, while the right image shows the plasma pretreated
case. The observed globular features were absent on bare and plasma pretreated PS. The
number of observed CaP nuclei increases as a result of the plasma pretreatment from,
roughly, 1010 to 1011 nuclei/cm2.
4.4 Discussion
We studied the formation of the interface between CaP ceramic and the polymers PS
and PTFE. We found that the structure of the interface largely depends on the polymer
substrate used. On PS we found an interface rich in O and P, while on PTFE an interface
with a large amount of Ca, a near absence of P, and little O was found. A detailed
investigation of the formation of bonds showed the formation of C–O bonds between
polymer and coating, in the case of PS. On PTFE chemical bonds between F and Ca were
formed. Finally, no difference was found in the interfacial chemical structure between
untreated and plasma pretreated material in the case of PS.
These findings can be explained by assuming that chemical reactions take place be-
tween polymer and deposited material. The low amount of Ca, which is initially de-
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Figure 4.10: Possible configurations how a P atom may connect to a polymer chain,
either directly (left) or via an O atom (right).
posited on PS may be the result of Ca not being able to bind to the C atoms in the PS
substrate. Instead, it is the P that makes the first bond to the polymer network. Figure
4.10 shows two possible configurations that demonstrate the binding of P to a C atom in
the substrate. This can occur either directly (PO3 group) or via an O atom (PO4 group).
Ca can bind to these groups via an ionic bond. Consequently, the bulk CaP ceramic can
grow as soon as PO3 or PO4 groups are present on the PS surface.
The energy of photoelectrons resulting from C–P bonds are approximately the same
as those resulting from C–O bonds [138]. Therefore, the actual existence of the C–P bond
configuration in the interface between CaP and PS is unknown. Direct bonds between
a C atom in the polymer and a deposited atom, as well as an indirect bond via an O
atom are described in literature, e.g., Ti–C [59], Cr–C [77], Fe–C [81], Ag–O–C [56],
and Al–O–C [139] bonds. However, our observation of a high amount of O in the first
few monolayers suggests that in our system a connection of a P atom to the PS via an
O atom is more likely than a direct connection. This can be explained as follows. The
bond dissociation energy of a C–O bond is 1075 kJ/mol and that of a C–P bond is 586
kJ/mol [140]. Therefore, the former is more stable. Besides, the O flux from the sputter
target and from O contaminations in the sputter gas, is higher than the P flux from the
sputter target. Therefore, both explanations can be used to understand the preferential
formation of C–O bonds at the interface, and as a consequence the formation of PO4 side
groups. Interestingly, the plasma pretreatment increased the number of CaP nucleation
sites on the PS (figure 4.9). This may also be understood now, as the P is better able to
connect to the PS, as a result of the O that was included during the plasma pretreatment.
Except for the morphology (figure 4.9), the other results (figures 4.1, 4.4, and 4.5)
showed that the plasma pretreatment did not influence the obtained interface on PS. This
is in contradiction with many articles that deal with modification of the chemical structure
of the interface by using plasmas or ion beams. In our sputter equipment, the deposition
process itself seems to be severe enough to modify the inert PS substrate and allow the
formation of bonds between the substrate and the coating.
As already mentioned before, PTFE shows a strongly different reactivity towards
the deposited coating. The high amount of Ca at the interface can be explained by the
formation of a layer of CaF2-like material at the interface. XPS and SIMS measurements
(figures 4.6 and 4.8) support this suggestion, because F–Ca bonds were detected. Besides
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Ca and F, also O is present in this CaF2-like layer (figure 4.2). The formation of a
fluoride with deposited material was also reported by others for Ti [70], Cu [65], and
Fe [62, 81, 141]. From the SIMS measurements, it can also be concluded that the PTFE
is damaged during the deposition of the CaP coating. Of course, for the formation of
CaF2-like material, it is necessary that bonds of the PTFE are broken. Besides, there is a
strong decrease in the number of detected high masses from the PTFE, while the number
of detected clusters with a low mass (CF+ and C+) is much higher. This indicated that the
PTFE is indeed damaged into a material with a lower average molecular weight during
the deposition of the coating.
Close to the interface, hardly any P is present. This may be explained as follows. F–
C bonds within the PTFE are broken and the F reacts, partially, with Ca to F–Ca bonds.
Some F escapes from the material, but the F may also react with a P atom to form a
volatile PF3 molecule that escapes from the substrate. The amount of PF3 is, however,
expected to be very small and will therefore be difficult to detect using a MS. Besides, the
mass of PF3 equals that of CF4, which makes the detection of PF3 ambiguous. Finally,
the reason why the XPS F(1s) yield does not quickly approach zero (figure 4.7) may be
the result of F diffusing through the coating.
A final question that has to be addressed is why so many bonds are broken in the
PS and PTFE substrates during the deposition process. We think that the bombard-
ment of the substrates by energetic particles during deposition is responsible for this
phenomenon. The energetic particles may either be (reflected) Ar, electrons, or sputtered
particles from the target. Negative ions formed at the target and positive ions that are
formed in the plasma are accelerated by the sheaths. They arrive at the substrate holder
nearly perpendicularly because they only experience few collisions [142]. Particles that
arrive under larger angles (with respect to the substrate normal) have, on average, lower
energies because they had more collisions or were neutral and therefore not accelerated
by the sheaths. To check whether or not the flux of energetic particles plays a role in
the formation of bonds, a PS substrate was mounted perpendicularly on the substrate
holder (instead of facing the target). About 2 nm of CaP coating was deposited. Figure
4.11 shows the XPS C(1s) spectrum of this sample and also the spectrum of a sample
with equal coating thickness, which was facing the plasma during coating deposition.
This figure reveals that the number of C–O bonds that are formed at the interface is
much lower for the perpendicularly mounted sample, compared to the sample facing the
plasma. Consequently, we think that the less severe bombardment indeed reduces the
number of C–O bonds formed. This suggests that the bombardment of the substrates
by energetic particles indeed plays an important role in the formation of the interface.
In chapters 6 and 7 this bombardment will be studied in more detail and the respon-
sible bombarding particle will be identified to be negatively charged O. Finally, in the
case of PS, the energetic bombardment of plasma pretreated surfaces quickly resets the
dynamical equilibrium as if no pretreatment was given.
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Figure 4.11: XPS C(1s) spectra of two samples with 2 nm of CaP ceramic. One sample
was mounted facing the sputter target (solid line), while the other sample was mounted
perpendicular to the substrate holder (dashed line).
4.5 Conclusions
Our data proves that the physiochemical nature of the polymeric substrate plays an active
role in the formation of the interface. On PS a high amount of O and, compared to Ca, a
high amount of P is present close to the interface. This was ascribed to the ability of P to
connect to C atoms in the PS. This can be done either via a direct bond or via an O atom,
the latter being the most likely.
On PTFE, a high amount of Ca was present nearby the interface, while a relatively
low amount of O and hardly any P was present. These results were explained by the for-
mation of a thin layer of CaF2-like material. F is lost during the deposition of the coating
and the PTFE seems to be damaged into a material with a lower molecular weight. We
believe that the near absence of P nearby the interface may be the result of the formation
of PF3 gas molecules, which escape from the material.
For PS, we found that the effect of the plasma pretreatment was overruled by the
coating deposition, although the plasma pretreatment increased the number of CaP nu-
cleation sites. This, in combination with bond breaking in the polymers, suggests that the
deposition process is a severe process. We showed some evidence that bombardment of
the substrates by energetic particles, either from the plasma or from the sputter target, in-
deed plays a role in the breakage of bonds in the polymer, and therefore in the formation
of the interface.
CHAPTER 5
The interface between CaP and PE, and CaP and PDMS
5.1 Introduction
In chapter 4, the interfacial structure of CaP on PTFE and CaP on PS was studied, be-
cause of its potential importance in the understanding of adhesion. Besides these two
polymers, also PE and PDMS will be used for adhesion studies, later in this thesis (chap-
ters 9 and 10). Therefore, in this chapter, we investigated and compared the interfacial
structure of CaP on PE and PDMS. Again, both untreated and O plasma pretreated poly-
meric substrates were used.
5.2 Experimental
5.2.1 Plasma pretreatment and coating deposition
The experiment was very comparable to the one described in chapter 4. Briefly, half
of the PE and PDMS polymer substrates received an O plasma pretreatment, while the
other half was left untreated prior to coating deposition. CaP coatings with different
thicknesses were deposited by using a HA target (a plasma sprayed target in the case of
PE and granules in the case of PDMS) and a rotating substrate holder. The deposition
time varied between 12 s and 60 min.
5.2.2 Analysis
After preparation, the samples were analyzed using RBS and XPS. In the case of PE, all
coating constituents could be determined accurately by RBS, as PE only contains C and
H. On PDMS however, only the total amount of Ca in the coating could be determined
accurately using RBS. P and O could not be quantified due to spectral interference with
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Figure 5.1: The C(1s) (left) and O(1s) (right) XPS spectra for untreated (solid line) and
O plasma pretreated (dashed line) PE.
Si and O signals from the substrate. The coating coverage on PDMS was determined by
using the RBS measured Ca coverage, the XPS determined Ca/P ratio and by assuming
that the P/O ratio equaled 0.25 [20].
XPS was again used to probe the presence or absence of C–O bonds at the interface.
The procedure for distinguishing between C–C and C–O bonds was already treated in
chapter 4.2.2. XPS was also used to determine the coating composition. The procedure
for extracting the coating composition from the measured XPS yields was also described
in chapter 4.2.2.
5.3 Results
5.3.1 Plasma pretreatment
Figure 5.1 gives the C(1s) and O(1s) XPS spectra of untreated and O plasma pretreated
PE. The rise of the O(1s) signal shows that O is built into the material, as a result of the
plasma pretreatment. The C(1s) signal also shows a change in peak shape, which is due
to O that is connected to C atoms of the PE (C–O bonds).
Figure 5.2 gives the C(1s), O(1s), and the Si(2p) XPS spectra of untreated and O
plasma pretreated PDMS. There is no proof in the C(1s) signal for the connection of O
atoms to C atoms of the PDMS. There is, based on the O(1s) peak, an increase in the
amount of O. Besides, there is also a peak shift in the O(1s) spectrum, from a binding
energy of 532.4 eV to a value of 533.3 eV. Based on the Si(2p) spectrum, the amount of
The interface between CaP and PE, and CaP and PDMS 63
Figure 5.2: The C(1s) (left), Si(2p) (middle), and O(1s) (right) XPS spectra for untreated
(solid line) and O plasma pretreated (dashed line) PDMS.
Si remains approximately constant. In the Si(2p) spectrum, a shift in the binding energy
is observed from 102.5 eV to 103.7 eV, as a result of the plasma pretreatment.
5.3.2 Coating composition
Figure 5.3 shows the Ca/P ratio as a function of coating thickness, for a CaP coating on
both untreated and plasma pretreated PE. The Ca/P ratio increases quickly with increas-
ing coating thickness. After 5-15 nm, a Ca/P ratio of approximately 1.6 is reached. The
difference between the data for the untreated and plasma pretreated series is small.
For PDMS, the coating composition as a function of coating thickness also shows
an increase in Ca/P ratio (figure 5.4). The Ca/P ratio that is reached for high coating
thicknesses is 1.2. For PDMS, a difference is observed between the untreated and plasma
pretreated material for thin coatings. The O plasma pretreated material has a lower Ca/P
ratio for thin coatings, compared to the untreated series. Therefore, more P is bonded
nearby the interface in the case of the plasma pretreated material.
5.3.3 Formation of chemical bonds
The side peak that appears in the C(1s) spectra was already mentioned to be the result of
C–O bonds (figure 5.1). It is convenient to express the number of C–O bonds as a ratio,
because of the following. The probing depth of XPS is limited (several nanometers).
Thus, when the coating thickness increases, the total C(1s) signal that arises from the
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Figure 5.3: Ca/P ratio as a function of coating thickness for both untreated (•) and plasma
pretreated () PE. The Ca/P ratio for high coating thickness is also given ().
Figure 5.4: Ca/P ratio as a function of coating thickness for both untreated (•) and plasma
pretreated () PDMS. The Ca/P ratio for high coating thickness is also given ().
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Figure 5.5: C–O/C–C ratio as a function of coating thickness for untreated (•) and plasma
pretreated () PE. The C–O/C–C ratio for high coating thickness is also given ().
substrate will always decrease. Therefore, in order to learn something about the forma-
tion or destruction of bonds during the deposition of the coating, it is better to express
the number of C–O bonds, relative to the number of probed C–C bonds. The absolute
uncertainty in the determined ratios is approximately 0.1.
In figure 5.5, the C–O/C–C ratio as a function of CaP coating thickness on PE is
given. For the untreated case, the C–O/C–C ratio is, within the earlier mentioned absolute
error of 0.1, equal to zero. When the CaP coating is deposited, a sudden increase in the
C–O/C–C ratio is observed up to a value of 0.6. When the coating thickness increases,
the ratio drops. The C–O/C–C ratio for the plasma pretreated PE is approximately 0.4
(figure 5.1 and figure 5.5). When the CaP coating is applied, a decreasing C–O/C–C ratio
is observed with increasing CaP coating thickness, similar to the untreated samples.
For the untreated and plasma pretreated PDMS, low C–O/C–C ratios are found (0.05-
0.17) (figure 5.6). Within the absolute uncertainty of 0.1, no significant variation of
the C–O/C–C ratio with CaP coating thickness is found for both untreated and plasma
pretreated PDMS.
5.4 Discussion
We studied the formation of the interface between CaP ceramic and the polymers PE and
PDMS. First, we studied the effect of an O plasma pretreatment on the substrates. On
66 Chapter 5
Figure 5.6: C–O/C–C ratio as a function of coating thickness for untreated (•) and plasma
pretreated () PDMS. The C–O/C–C ratio for high coating thickness is also given ().
PE, O was built into the material, by connecting to C atoms of the PE. This shows up as
the shoulder on the high binding energy side of the C(1s) peak. This effect was also seen
in case of PS (figure 4.4 in chapter 4).
On PDMS, a different phenomenon occurs. Again, O is built into the material, but
it is to a lesser extent connected to C. The amount of Si is not influenced by the plasma
pretreatment. However, the XPS Si(2p) peak shifts from the literature value of PDMS
(102.4 eV) to the literature value of SiO2 (103.4–103.6 eV) [91]. The O(1s) peak also
shows a peak shift, from 532.4 eV to a value of 533.3 eV. The former value corresponds
to the O(1s) binding energy of PDMS, the latter value corresponds to the binding energy
of SiO2 [91]. Besides, C is lost from the material, maybe because the CH3 group of
the PDMS is only connected by one chemical bond to the Si of the PDMS. Probably, O
connects to the Si, replacing the CH3 groups. Si–O–Si cross links may form in this way.
Thus, a SiO2-like material forms. This does not mean that pure SiO2 (e.g. in the form
of a thin layer) forms at the PDMS surface upon plasma pretreatment. This is already
shown by the C(1s) signal, which reduced in intensity, but did not reach the level of the
typical C contamination that we usually find in our material. The formation of a SiO2-
like material was also observed by Fakes [143, 144], who studied the O plasma induced
changes in PDMS-like material that is used for contact lenses. Bodo¨ et al. [59] and
Suzuki et al. [145] also observed the preferential loss of C from PDMS, and a shift of the
Si(2p) peak position towards the SiO2-like material after plasma or ion beam treatment.
The coating composition as a function of coating thickness showed a low Ca/P ratio
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Figure 5.7: Possible configurations in which CaP is able to bind to PE (A) and PDMS (B
and C).
nearby the interface on PE. The behavior is very similar to that on PS (chapter 4). Clearly,
P preferentially binds to PE. Moreover, the high C–O/C–C ratio that was observed nearby
the interface between the coating and the PE indicates a strong reactivity between the
coating and substrate. The reason for the decreasing C–O/C–C ratio with the increasing
CaP coating thickness is the limited measuring depth of XPS. For thick coatings, a low
C–O/C–C ratio is reached again. This is the ratio for the small amount of contamination
which is present in, or on top of the coating.
The reactivity of the PE does not seem to be influenced by the O plasma pretreatment,
as the C–O/C–C ratio does not depend on whether or not a plasma pretreatment was
given. For PE, the maximum C–O/C–C ratio is reached almost immediately (thin CaP
coatings), while for PS several nanometers of CaP needed to be deposited before the
maximum was reached (figure 4.5 in chapter 4). An explanation for the high number of
C–O bonds, and the low Ca/P ratio nearby the interface, is that the CaP coating connects
to the PE by forming groups, like the one in figure 5.7A. The phosphate group connects
to a C atom in the PE polymeric chain. Then, Ca is able to bind to these phosphate
groups, and the Ca/P ratio of the bulk is reached. Besides the indirect bond between the
P and the C atom, via an O atom, also a direct bond between the C and P is possible.
However, for arguments that are applicable and were also given for PS (chapter 4) (a C–
O–P bond is energetically more stable than a C–P bond and the flux of O at the substrate
is much higher than the flux of P), the indirect (C–O–P) bond of figure 5.7A is the most
likely one.
The C–O/C–C ratios on PDMS are much lower than the ones observed on PE. Thus,
C–O bonds between the PDMS substrate and the CaP coating are not so easily formed.
Probably, the CH3 side groups of the PDMS are not so stable because they are only
connected to the PDMS by one chemical bond. The vulnerability of the CH3 group was
already demonstrated for the plasma pretreatment of the PDMS. So, instead of forming
C–O groups, as it happens on PE, the CH3 group may get lost. In order to verify this,
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Figure 5.8: The Si(2p) and C(1s) XPS yields, as a function of CaP coating thickness.
The solid lines give the expected decrease in XPS intensity, if the Si and C remain in the
substrate.
the XPS Si(2p) and C(1s) yields are plotted as a function of coating thickness for the
untreated PDMS (figure 5.8). A decrease in XPS signal of the Si(2p) from the PDMS
substrate is seen, which is the result of the limited probing depth of XPS. The solid line
shows the expected decrease for the Si(2p) peak, based on attenuation lengths that were
determined in chapter 3. The initial decrease in Si(2p) signal is well predicted. For
higher coating thicknesses, probably, the diffusion of a small amount of PDMS to the
surface leads to a deviation from the expected behavior. A sudden decrease in C(1s)
signal is visible when a very thin CaP coating is applied (< 2 nm). This sudden decrease
is indicated in figure 5.8 by an arrow. The decrease is much more rapid than expected
based on the attenuation lengths, which indicates that C is indeed lost from the PDMS
during the deposition of the coating.
For PDMS, also a low Ca/P ratio nearby the interface was found (figure 5.4), es-
pecially for the plasma pretreated PDMS. This can be explained by Ca not being able
to bind directly to PDMS, while P can connect to the PDMS as phosphate group. We
hypothesize that the configuration that is shown in figure 5.7B is the most plausible way
in which CaP ceramic binds to PDMS. The configuration in figure 5.7C is less likely,
as only few C–O bonds were detected at the CaP-PDMS interface. Moreover, C was
proven to be lost from the PDMS during deposition, which makes the formation of this
configuration improbable. We consider configurations in which the P binds directly to
the Si not so likely in our case, as the flux of O atoms at the substrate surface is much
higher than the flux of P atoms.
The relatively high Ca/P ratio nearby the interface on untreated PDMS suggests that
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the P binds less well to the untreated PDMS than to the plasma pretreated PDMS. Proba-
bly, P is less able to bind to the untreated material, as fewer O atoms are available to form
a bond with. It is not certain what the exact binding configuration between the coating
and the untreated PDMS is. Probably, the same interface ‘building blocks’ are formed as
on the plasma pretreated PDMS (figure 5.7B), but in a smaller number. This results in a
less distinct rise in the Ca/P ratio nearby the interface.
The reason for the lower Ca/P ratio for high coating thickness on PDMS, compared
to those on PE, is the result of differently textured HA targets that were used for the CaP
coating deposition on PE (plasma sprayed HA) and PDMS (HA granules). The reason
for this variation in bulk Ca/P ratio is not clear. However, we thoroughly verified that the
drawn conclusions in this chapter are independent of the target that was used.
In chapter 4, we argued that an energetic bombardment during the coating deposition
process makes the interfacial chemistry possible. As will be shown in dedicated exper-
iments in chapters 6 and 7, an O ion bombardment, originating from the sputter target,
is the main damage causing bombarding species. The effect of this bombardment on the
adhesion of CaP on PE and PDMS will be discussed in chapters 9 and 10.
5.5 Conclusions
We studied the formation of the interface between CaP ceramic and the polymers PE and
PDMS. Both plasma modified and untreated polymeric substrates were used. The plasma
pretreatment causes the inclusion of O in the surface region of both polymers. PDMS
forms a cross linked, SiO2-like structure upon plasma pretreatment, thereby losing CH3
side groups.
The low Ca/P ratios at the interface are caused by the preferential connection of P
atoms to the polymeric chains of PE and PDMS. On PE, this is achieved by forming
connections between the C atoms in the polymeric backbone with the P atoms, most
likely via an O atom. No clear difference is found in the chemical composition of the
interface for untreated and plasma pretreated PE. On PDMS, the C atoms in the CH3
side groups of the PDMS are weakly bonded to the polymeric back bone. We showed
that these groups do not play an important role in establishing a connection between the
PDMS and the CaP coating. Both the loss of C from the PDMS during deposition, and
the low number of C–O bonds that are present on the interface are an indication for this.
Most likely, the P connects to the Si of the PDMS via a P–O–Si bond. On the O rich,
plasma pretreated PDMS, the P connects better than on the untreated material.
Clearly, on both untreated and plasma pretreated material, a chemical interaction be-
tween the CaP coating and the polymeric substrate occurs. Damage that results from se-
vere bombardment during the deposition process allows for this interaction. The knowl-
edge that results from this chapter will be used to understand and improve coating adhe-
sion for CaP coatings on PE and PDMS (chapters 9 and 10).
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CHAPTER 6
Investigation of the deposition process using Monte Carlo
simulations and depositions through an aperture
6.1 Introduction
In previous experiments, Van Dijk et al. studied the influence of sputter gas composition
[20], gas pressure [21], and discharge power [22] on the composition and thickness of RF
magnetron sputter deposited CaP coatings. However, insight into what exactly happens
during the deposition process is largely missing. Questions like how particles travel from
target to substrate, whether they are charged or not, and whether there is an influence of
particle bombardment on the growing film, are still open.
Swann has shown [146] that the sputter deposition process can be studied by per-
forming depositions through a small aperture. Because of the large mean free path of
the sputtered species, resulting from the low gas pressures used during the deposition, an
image of the target is deposited at the other side of the aperture. This image will be influ-
enced by the trajectories that the sputtered particles follow. These trajectories depend on
the species, gas pressure, and whether the sputtered particles are charged or neutral. In
this chapter, similar experiments as those of Swann will be performed. Because a direct
interpretation of the obtained deposited profiles (‘images’) is difficult, we developed a
Monte Carlo computer code that simulated the deposition process with aperture. The
comparison of simulated profiles with the deposited ones gives insight into processes
that occur during the deposition process. A better understanding of the deposition pro-
cess will lead to an easier optimalization.
71
72 Chapter 6
Figure 6.1: Schematic drawing of the deposition system (side view). The definition of the
x , y, and z-coordinate is also given. The vertical arrows are referred to in the text. The
diagram on the right sight shows schematically the voltages in the system. The target
self-bias (VSB), plasma potential (VP) and the position of the drop in voltage (plasma
sheaths) are indicated.
6.2 Experimental
6.2.1 Coating deposition
In our deposition system, the separation between the target and the substrate was 8.2 cm.
For the described experiment, in between the substrate holder and sputter target, a shield
with aperture was mounted, 1.7 cm below the substrate holder (figure 6.1). The shield
with aperture was made from a steel plate (thickness ts=1 mm) and was constructed in
such a way that material could only be deposited on the silicon substrate (dimension
30 × 30 × 1 mm3) through the circular aperture (diameter 2.6 mm). The aperture was
positioned (statically) above the center of the sputter target. In this way a CaP ceramic
layer was obtained, which resembles the non-uniform erosion profile of the target. The
diameter of the obtained image was approximately 30 mm.
Ar was used as the sputter gas. Depositions were performed in random order at the
following gas pressures: 5.0×10−4, 8.0×10−4, 2.0×10−3, 3.5×10−3, and 5.0×10−3
mbar. A deposition power of 200 W was used and the target consisted of HA granules.
Because of the small size of the aperture, a deposition time of 15 hours was needed to
obtain sufficient deposited material on the silicon wafer.
6.2.2 Analysis
After the deposition, the sample was transported through air to a RBS system. The ions
entered the sample perpendicular, and the detector that is used to detect the backscattered
ions was positioned at 170◦ relative to the incoming ions. The circular beam had a
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Figure 6.2: Scheme that is followed in the Monte Carlo program to calculate the trajec-
tory of a sputtered particle.
diameter of 1 mm. The beam was scanned along a 30 mm long line through the center
of the CaP image on the silicon wafer. At every 0.5 mm an RBS spectrum was taken.
From the Ca and P peaks in these spectra, the Ca and P coverage and the Ca/P ratio at
the position of the beam spot were found. Because the deposition rate is very low, the O
flux at the substrate due to contaminations in the sputter gas is much higher than the O
flux from the target. Therefore, no attempt was made to measure the O profile, as it does
not resemble an image from the target.
6.3 Monte Carlo simulations
To simulate the deposition process a Monte Carlo (MC) simulation was performed. The
principal of the MC algorithm is briefly explained in appendix 1 of this chapter. The MC
simulation was of the molecular flow type [128]. In this type, the motion of individual
particles is followed as they travel from the target, through a background gas, to the
substrate. Every particle follows the procedure which is given in figure 6.2. In the
following sections details of every step will be given.
A particle (P or Ca) originates from the sputter target as a neutral or with a certain
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charge (positive or negative). It leaves from a certain position, with a certain energy in
a certain direction. Then it travels a distance (set at the free path length). After deter-
mining the new coordinates the program checks whether or not the particle is charged
and crossed a sheath during the move. If this is the case, the particle is set back to the
position where the sheath was crossed and the change in velocity is calculated. Then the
particle is allowed to travel another distance.
After the move is complete, it is checked whether the particle did not perform an
illegal move, e.g., crossed the shield or hit the sides of the target. If the particle hit an
object, it is assumed to be lost and is therefore rejected. The only exception is when the
particle is deposited on the substrate. In this case the position, final energy, and followed
path are stored. A sticking coefficient of 1 is assumed.
If nothing was hit during the move of the particle, it must be still somewhere in the
background gas. Because it has traveled its free path length, it now collides with an Ar
atom of the background gas. The new direction and energy of the particle is calculated
and then the particle is allowed to travel another free path length. The loops (figure 6.2)
are continued until either the particle is stored or rejected.
From the x and y positions of the stored particles, the one dimensional radial pro-
files are reconstructed to make an easy comparison with the RBS results possible. This
can be done by calculating the distance from the center for all deposited particles (r =√
x2 + y2). The curve thus obtained has to be divided by 2πr to correct for the increase
of area with increasing r . The obtained profile is symmetric around r = 0.
The computer code was written in Interactive Data Language (IDL, Research Sys-
tems Incorporated) that ran on a UNIX system (Department of Physics and Astronomy,
Utrecht University). To get sufficient particles on the substrate (104), a large number
of particles had to be ejected from the target (107 to 108). Typical calculation time per
spectrum was 1 − 20 hours.
6.3.1 Particle ejection from the target
Position dependent target erosion
Because of the magnetron configuration below the target, the erosion of the target is not
uniform. A circular region of high erosion, called the “race track,” is clearly visible on
a used target. The erosion profile of an intensively used plasma sprayed HA target was
measured using a mechanical dial indicator. The erosion rate is given in figure 6.3. The
dashed line in this figure gives a symmetric approximation of the erosion profile. This
curve is used in the MC simulation to generate the starting positions of ejected particles
so that it resembles the measured erosion profile of the target.
The starting position for a particle can be determined by generating an r (distance
from the center) and an angle φ, defined as the angle in the xy plane relative to the
positive x axis. If the symmetric curve (the dashed line in figure 6.3) for r ≥ 0 is called
h(r), than the probability density for ejection in the MC procedure is h(r) · 2πr .
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Figure 6.3: The graph gives the position dependent erosion rate of a HA target. The
dashed line is a symmetric approximation of the erosion profile which is used in the MC
simulation.
Direction distribution of particle flux
Particles are not ejected isotropically to all directions. Often, a cosine like yield distribu-
tion (Y ) is assumed, so: Y (θ)  cos θ , in which θ is the angle between surface normal
and the ejection angle of a particle [147, 148]. However, to account for preferential ejec-
tion in the normal or off-normal directions, the ejection distributions in figure 6.4 have
also been proposed [149–152]. The left graph in figure 6.4 shows three examples of
ejection distributions which are generated by a vector g(θ), which is defined by:
g(θ) = cos θ
(b/a)2 sin2 θ + cos2 θ . (6.1)
The b/a ratio controls the normal or off-normal ejection distribution of the particle. For
b/a=1, the cos θ distribution is obtained.
A particle ejection distribution without a normal component is given in the graph on
the right of figure 6.4. The vector g(θ) is now defined as:
g(θ) = sin 2θ (6.2)
The probability of ejection in a solid angle d, g(θ) d, is proportional to
g(θ) sin θdθ . Therefore, the Monte Carlo procedure was applied to the function
g(θ) sin θ . The azimuthal angle of ejection, φ (in the xy plane), is generated by tak-
ing φ = 2π1, where 1 is a random number between 0 and 1.
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Figure 6.4: Possible particle ejection distributions. The distributions are controlled by
the vector g(θ), which is defined in the text.
Energy of sputtered particles
The energy distribution of sputtered particles, Y (E), was proposed by Thompson [153]:
Y (E) = C E
(E + U)n+1 (6.3)
In this equation E is the energy, C is a normalization constant, U is the binding energy,
and n usually equals 2. For the binding energy, usually the value for the sublimation
energy is taken [154]. Unfortunately, the sublimation energy for our target is unknown.
However, because the effect of the chosen sublimation energy on the final result is small,
we assume it to be 4 eV. The Thompson equation is only valid for impinging ions with
keV energy [155]. In our system, Ar ions that hit the sputter target have energies of only
50-60 eV [156]. Therefore it is unlikely that particles are ejected from the target with an
energy higher than Ei − U , where Ei is the energy of the incoming particle, U is the
binding energy, and  is the maximum fractional energy that a recoil gains:
 = 4Ms MAr
(Ms + MAr)2 , (6.4)
in which MAr is the mass of the incoming Ar ion and Ms is the mass of the sputtered
particle (P or Ca). A calculation shows that for both P and Ca, the maximum energy with
which they may leave the target is about 30 eV. This value is therefore used as a, fairly
arbitrary, cutoff in the Thompson equation. For an efficient generation of initial energies,
a modified rejection algorithm was used that was proposed by Turner et al. [128].
The choice of the Thompson energy distribution, cutoff energy, and sublimation en-
ergy only influences the outcome of the simulations to a small extent. The effects of
these choices are much smaller than the effects resulting from, e.g., the chosen particle
ejection distribution.
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6.3.2 The transport process
Free path
The mean free path λ of a sputtered particle between two collisions is given by [128]:
λ = MArv
2
rel
2
√
2pArρ2max(x)
, (6.5)
where
(x) = x exp(−x2) + (2x2 + 1)√2/2 erf(x), (6.6)
x = vrel
√
MAr
2kTAr
. (6.7)
In these equations, vrel denotes the relative speed of the colliding atoms, pAr the back-
ground gas pressure, ρmax the maximum impact parameter, TAr the temperature of the
background gas, and erf(x) the error function. The value for ρmax will be discussed in
the next section. The temperature of the background gas, TAr, is assumed to be 350 K.
Varying the temperature within the realistic range does not largely influence the outcome
of the simulations. The free path, s, of a particle can be randomly generated [128–130]
using s = λ| ln 2|, in which 2 is a random number between 0 and 1.
Collision
The collision between a sputtered particle (P or Ca) and an Ar gas atom is described by
binary collision theory. The theory of scattering and the computational implementation
of it is described in appendix 2 of this chapter. In the simulations, only elastic collisions
are taken into account because this process has the highest cross section [157]. The
direction of the Ar atom prior to the collision is randomly chosen. The energy of the Ar
atoms in the background gas is assumed to obey the Maxwell-Boltzmann distribution.
Unfortunately, no dedicated potentials with both a repulsive and an attractive part
have been determined for uncommon pairs like Ca on Ar and P on Ar. Therefore the
simple Born-Mayer interaction potential (repulsive in nature only) is used:
V (r) = ae−br . (6.8)
In this equation V (r) is the potential at separation r . a and b are constants that are
tabulated [158] for homonuclear pairs, e.g. Ar on Ar (VAr→Ar). The interaction potential
for heteronuclear pairs can be calculated using the equation:
VA→B =
√
VA→AVB→B (6.9)
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The constants (a and b) for the repulsive interaction potential for Ar, Ca, and P [158] are:1
a (eV) b (A˚−1)
Ar 6960.9 3.62645
P 5596.3 3.68760
Ca 8124.1 3.61026
O 2143.4 3.78846
The left graph in figure 6.5 gives an example of the laboratory scattering angle for P and
Ca. As expected from binary collision theory, P, being lighter than Ar, can backscatter
Figure 6.5: The left graph shows the scattering angle () in the laboratory system as a
function of the impact parameter (ρ) for 1 eV P and 1 eV Ca on Ar. The graph on the
right shows the Center of Mass (C.M.) scattering as a function of impact parameter for
different energies of the P (solid) and Ca (dashed) on Ar.
from Ar for a small impact parameter. Ca, being heavier than Ar, cannot backscatter.
The graph on the right in figure 6.5 gives the calculated Center of Mass (C.M.) scattering
angle for both P (solid line) and Ca (dashed lines) for different energies as a function of
impact parameter. The impact parameter for every collision is randomly chosen using
[128]
ρ = ρmax√3. (6.10)
ρmax is again the maximum impact parameter and 3 is a random number between 0
and 1. The graph on the right in figure 6.5 shows that an impact parameter higher than
1Although the potential for O will not be used in this chapter yet, it is mentioned because it will be used in
chapter 7.
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4A˚ can only give a small scattering angle for low energy particles. Because collisions
with impact parameters higher than 4A˚ will hardly affect the outcome of the simulations,
the ρmax was set to 4A˚.
Passing the aperture
After every move of the particle, it has to be checked if the particle passed the plane of
the shield with an aperture. If this is the case, it is necessary to determine whether the
particle passed this plane through the aperture (allowed), or through the shield (particle
has to be rejected). The coordinates where the plane of the shield is crossed (x ′, y′) can
be derived from simple geometrical considerations. If the radius of the aperture is ra
and the center of the aperture is at position (xa, ya), then the particle crosses through the
aperture if the following condition is met:√
(x ′ − xa)2 + (y′ − ya)2 < ra. (6.11)
The finite thickness of the shield material, ts , is taken into account by putting two aper-
tures in series at heights h − ts/2 and h + ts/2.
Crossing a sheath
When a charged particle crosses a plasma sheath (see figure 6.1), it is accelerated or
decelerated. Because of the sheath thickness nearby the target, typically 0.3-1.0 mm
[159, 160], and the low gas pressures used in our experiment, this sheath can be treated
as collision free. Therefore the change in velocity in the z direction is given by
vz =
√
2|q|eV
Ms
. (6.12)
In this equation, Ms is the mass of the sputtered particle, e is the elementary
charge, V is the voltage drop over the sheath, and q is the charge of the particle
(. . . ,−2,−1, 0, 1, 2, . . .). The self-bias of the target is between −40 and −60 V in
our system (chapter 7). The plasma potential is not known for our system, but typically
has a value between 2 and 20 V [156,161]. In the computer simulations a target self-bias
of −60 V and a plasma potential of 10 V is assumed.
One of the sheaths is modeled directly above the target. The position of the other
sheath is not known, but it is assumed to be halfway between the target and substrate
holder. Varying the position of this sheath only gives minor variations in the final results.
Influence of a magnetic field
The trajectory of a sputtered ion is also influenced by the magnetic field from the mag-
netron configuration. We verified that for our case the influence of the magnetic field on
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the trajectory of a sputtered ion is small compared to the influence of the electric fields
of the plasma sheaths. Therefore, the presence of the magnetic field is ignored in the
simulations.
6.4 Results
6.4.1 Depositions
Figures 6.6A and 6.6B give the Ca and P profiles as deposited behind the aperture for
different Ar gas pressures. For clarity, the profiles of only three depositions are shown.
The other two depositions, at intermediate gas pressures, showed a behavior intermediate
of the profiles shown. The vertical lines in the figures correspond to the edges of the
aperture.
Most profiles clearly show an image of the race track. With increasing gas pressure,
the valley between the two main peaks becomes shallower. At the highest gas pressure
the valley disappears for Ca, while it is still visible for P. The Ca profile at 2.0×10−3 mbar
shows an additional peak at the position of the aperture. Further, especially at the lowest
gas pressure, a clear side peak, about 10 mm from the center, is visible in both the Ca and
P profiles. Finally, the total amount of deposited material becomes less with increasing
gas pressure.
Figure 6.6C gives the Ca/P ratio behind the aperture, again for three Ar gas pres-
sures. For all pressures, a high Ca/P ratio is present at the position of the aperture,
while the Ca/P ratio decreases towards the sides. Especially for the lowest pressure
(5.0 × 10−4 mbar), a very high Ca/P ratio (∼ 9) is found just behind the aperture.
6.4.2 Simulations
Charged or neutral
Figure 6.7 shows the simulated P profile at the lowest Ar pressure (5.0 × 10−4 mbar)
for both neutral (solid line) and charged particles (dashed line). The dashed line gives
the situation for P ions that leave the target with a charge q = −2. A negative charge is
chosen, since positively charged particles that are sputtered from the target are usually not
able to overcome the plasma sheath nearby the target and therefore they do not reach the
substrate [162]. The profiles for different negative charge states (q = −1,−3,−4, . . .)
are not given here, but they resemble the q = −2 case. When the target voltage and
plasma potential are varied within the earlier mentioned possible ranges, the shape of the
profile remains almost the same.
The number of ejected particles is not equal for both profiles in figure 6.7. The
charged particles are far more efficient in reaching the substrate than the neutrals. This
is because the sheaths act as a lens, directing the charged particles towards the substrate
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Figure 6.6: The Ca (A), P (B) and Ca/P ratio (C) profiles behind the aperture for different
gas pressures. The vertical lines in the figures denote the size and position of the aperture.
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Figure 6.7: The P profiles at an Ar pressure of 5.0 × 10−4 mbar for both neutral (solid
line) and charged particles (q = −2). The b/a ratio is 1 in both cases.
holder. Because only the peak shapes and no absolute amounts of deposited material are
studied here, the peak heights are scaled to their maximum.
Pressure dependence
Figure 6.8 shows the simulated one dimensional profiles for both Ca and P (neutral) at
different Ar gas pressures. A particle ejection distribution as in equation 6.1 is assumed,
with a b/a ratio of 1. It should be mentioned that closer to the center, the statistics in
the simulated profiles become worse. Therefore, the exact shape of the profiles nearby
the center is somewhat doubtful. Keeping this in mind, the Ca and P profiles show no
important differences. The simulations show that the double peak that is seen at low gas
pressures disappears to give a nearly flat profile at high gas pressures.
Figure 6.9 shows the Ca and P profiles if the sin 2θ particle distribution function
(equation 6.2) is assumed. Comparatively, the center valleys are deeper than in figure 6.8,
which is expected, because no particles are emitted normal to the surface. But again, no
significant differences are observed between the P and Ca profile. The valley between the
main peaks again becomes shallower with increasing gas pressure, although the profile
does not become as flat as the high pressure profiles in figure 6.8.
Particle ejection distribution
Figure 6.10 shows profiles resulting from the ejection distribution of equation 6.1 (for
b/a ratios of 0.25, 1.0, and 2.0), as well as the profile resulting from the distribution
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Figure 6.8: The obtained Ca and P profiles for different pressures. The assumed particle
ejection distribution is given in equation 6.1, with a b/a ratio of 1.
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Figure 6.9: The obtained Ca and P profiles for different pressures. The assumed particle
ejection distribution is given in equation 6.2.
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Figure 6.10: P profiles obtained at an Ar pressure of 5.0×10−4 mbar for particle ejection
distributions given by equation 6.1 (for b/a ratios of 0.25, 1.0, and 2.0) and equation 6.2.
given by equation 6.2. The gas pressure in these simulations was 5.0 × 10−4 mbar
and the ejected species was P. Again, no important differences were found with the Ca
profiles (not shown). The number of deposited particles strongly depends on the chosen
ejection distribution function. Because only peak shapes are compared here, the profiles
in figure 6.10 are scaled such that they can clearly be distinguished in one figure.
The shape of the profiles resulting from equation 6.2 is very different from the ones
resulting from equation 6.1. In the former, the valley between the peaks is much deeper
and the separation between the two peaks is larger. Apparently, the depth of the valley
results from the normal component of the particle distribution function. The three peaks
with varying b/a ratios give approximately equal peak positions. However, for increasing
b/a ratio, the valley between the two peaks becomes shallower and an almost flat profile
is reached for the b/a ratio of 2.0.
6.5 Discussion
At the lowest Ar pressure used in the simulation of the profiles of charged and neutral
particles (figure 6.7), the average number of collisions that particles experience while
traveling from target to substrate is low ( 0.2). Therefore the simulated profile for
neutral particles resembles a direct image of the target. In the case of negatively charged
particles, the ions are accelerated by the sheath, which is present directly above the target,
and are then somewhat decelerated by the sheath, which is present at the other side of
the plasma (figure 6.1). The velocity in the z direction (figure 6.1) will therefore become
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large compared to the velocity in the xy plane. As a result, the particles will travel nearly
perpendicular to the substrate holder. This shows up as a single peak centered around the
position of the aperture. When the curves in figure 6.7 are compared to the experimental
curves in figure 6.6, it can be concluded that the large majority of the deposited Ca and
P were ejected from the target as neutrals.
The pressure dependent Ca and P profiles in figures 6.8 and 6.9 show a fair agreement
with the experimental results of figure 6.6. In the case of Ca, the valley between the two
peaks becomes shallower at approximately the same rate in experiment and simulation
when the Ar pressure is increased. This is the result of collisions of the sputtered species
with Ar atoms or ions in the background gas. The simulated Ca and P profiles show
the same behavior. The slight difference in their interaction potential (equation 6.8) and
resulting scattering angles (graph on the right in figure 6.5) does not show up in the
simulated profiles at the pressures used here. So, the differences in the shapes of the Ca
and P profiles seen in the experimental data (figures 6.6A and 6.6B) cannot be explained
by the difference in interaction potential alone. Finally, the high Ca/P ratio at the position
of the aperture (figure 6.6C) is not reproduced by the simulations.
Clearly, a process occurs, which is not included in the simulation. We think this is
the process of resputtering of deposited material. From other work, we know that P is
preferentially resputtered from a CaP coating [18,20,156,163]. This effect can be seen in
the experimental data in figures 6.6A and 6.6B. The valley between the two main peaks
is deeper in the case of P. This also explains the high Ca/P ratios in the region around
the aperture. From the fact that the preferential sputtering seems to occur mostly at the
position of the aperture, it can be concluded that the particles that are responsible for the
resputtering bombard the substrate perpendicularly. Two species may be responsible for
this. First of all, Ar ions are not only accelerated by the sheath nearby the target, but
also in the opposite direction towards the substrate holder by the other sheath. The direc-
tion of the accelerated Ar is almost perpendicular to the target. Second, also negatively
charged particles from the target approach the substrate almost perpendicularly. For P,
this process was simulated (figure 6.7). For O, a similar pattern can be expected. The
negatively charged particle profile in figure 6.7 shows a similar shape as the Ca/P ratio
profile in figure 6.6C. This supports the idea that negatively charged O ions may also be
responsible for the resputtering of P. Large scale resputtering by negatively charged P or
Ca is less likely, because the Ca and P profiles do not show evidence that Ca or P leaves
the target as a negative ion. Chapter 7 will describe experiments that identify the species
which is mostly responsible for the resputtering of the coating, and that quantifies the
degree of resputtering as a function of Ar pressure.
The (preferential) resputtering during deposition complicates the question of which
particle ejection distribution function best describes the situation in our system. The
peak shape and even the peak separation may change as a result of the resputtering. The
sin 2θ distribution seems to reproduce the low pressure P profile quite well (figures 6.6B
and 6.10), but the deep valley between the two main peaks in the experimental data is
the result of resputtering of P. Therefore the sin 2θ distribution cannot be the distribution
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function in our system. The question which b/a ratio describes the ejection distribution
of our target best is difficult to answer. The profiles produced by using a low b/a ratio
show a clear valley between the peaks which disappears at higher b/a ratios. Therefore
it is appealing to choose a low b/a ratio as the most correct one. Unfortunately, the
valley between the peaks in the experimental data may also be a result of resputtering.
However, if the assumption is made that Ca is not resputtered, than the conclusion can
be drawn that a low b/a ratio distribution approaches the real situation best. Others also
found a low b/a ratio for systems with low energy ion sputtering [130, 164, 165].
Still, not all features can be explained. The side peaks which are present about
10 mm from the center are not fully reproduced by the simulations. The origin of these
peaks, which are visible in both the Ca and P profiles, is uncertain. One possibility may
be that this is the result of a shadowing effect due to the finite size of the aperture. This
effect is schematically shown by the vertical arrows in figure 6.1. In the simulation, the
effect is visible as a bending point or small plateau, about 7 to 8 mm from the center
(figures 6.7 (solid line) and 6.8). The simulated effect is, however, smaller than the effect
in the experimental data.
An interesting experimental feature which is not predicted by the simulations is the
small additional peak at the center in the 2.0 × 10−3 mbar Ca profile (figure 6.6A). This
additional amount of Ca deposited immediately above the aperture may be the result of
negatively charged Ca sputtered from the target and deposited as the profile in figure 6.7
(dashed line). Another explanation may be that some Ca gets positively ionized in the
plasma and is accelerated by the second sheath to follow a path nearly perpendicular to
the substrate holder. It is then also deposited in the region of the aperture. Ionization
of sputtered species in an Ar plasma of comparable pressure is, for example, reported
for Ti [166, 167]. However, in both explanations, a peak having at least the width of the
aperture would be expected.
Other differences between experimental and simulated results may have many ori-
gins. First of all, as mentioned earlier, the chosen energy distribution does not largely
affect the outcome of the simulations. Second, the suitability of the assumed interaction
potential is difficult to determine, but because only few collisions are made at the gas
pressures used in this work, the influence of the used potential on the final results will
be limited. Third, the position dependent sputter yield was derived from the measured
erosion profile of a target that was used for many depositions under varying sputtering
conditions. Some claim that the position dependent erosion profile is mostly determined
by the constant magnetic field [168, 169], while others claim that, e.g., sheath thickness,
which may depend on actual deposition conditions, also plays an important role in the
position dependent target erosion rate [159]. The latter would lead to an error in the as-
sumed erosion profile. Finally, also target morphology and crystallographic orientation
of the target influences erosion rate and ejection distribution [170–172].
In conclusion, even though some uncertainties cannot be avoided in the simulations,
the main features of the experimental data can be reproduced by the Monte Carlo sim-
ulations. When the experimental data is compared with the computer results, the effect
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of resputtering becomes clear. Therefore great care has to be taken when a sputtering
deposition process is simulated.
6.6 Conclusions
In this chapter, we tried to better understand the deposition process of CaP coatings.
For this, we performed depositions through an aperture. Behind the aperture, CaP is
deposited in a profile which resembles the sputter target. Besides, we simulated the
deposition process using a Monte Carlo computer simulation.
Most features that we found in the actual depositions can be reproduced by computer
simulations. At the gas pressures used in this work, the effect of collisions on the way
particles travel from target to substrate is limited. Far more important is whether a par-
ticle is ejected as a neutral or as a negatively charged particle. The former seems to be
the case for P and Ca. Besides, the particle ejection distribution also plays an important
role in where the material is deposited. Resputtering of deposited material, preferentially
P, occurs in our system. This is the result of an energetic particle bombardment: either
positive Ar ions which escape from the plasma, or negative ions which escape from the
sputter target, most likely O. Unfortunately, as a result of the resputtering, the particle
ejection distribution could not unambiguously be derived by comparing the profiles of
deposited material with the simulated ones. Nevertheless, we argued that an ejection
distribution with a large off normal component is the most likely.
In conclusion, we found that depositions with an aperture in combination with com-
puter simulations of this process is a powerful and simple way to study the sputtering
deposition process. Further we showed that care has to be taken to directly use the sim-
ulated results, as processes that are not taken into account in the simulations, such as
(preferential) resputtering of material, may give substantial discrepancies between simu-
lated and experimental results.
Appendix 1
Monte Carlo method
The Monte Carlo (MC) method is based on the use of random numbers and probabi-
lity statistics to investigate problems. To simulate the sputtering process, a Monte Carlo
technique of the so-called molecular flow type [128] is used. The motion of individ-
ual particles is followed as they travel from the target, through a background gas, to the
substrate. For example the angles and energy with which particles leave the target, the
number of collisions, and the scattering angles are all randomly generated. However,
the Monte Carlo technique generates random numbers in such a way that when a large
number of values is generated, a certain physical distribution is obtained. The process of
drawing numbers that approaches the desired distribution is graphically shown in figure
6.11. A random number xi is generated on the interval where the (physical) distribution
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Figure 6.11: Principal of the Monte Carlo technique. The figure is explained in the text.
P(x) is valid (between xmin and xmax ). Then a random number p is selected in the in-
terval [0, Pmax ]. The xi is accepted if p is less or equal than P(xi ). In short, it can be
written as:
Select: xmin ≤ xi ≤ xmax
Select: 0 ≤ p ≤ Pmax
Accept if: p ≤ P(xi )
By drawing a large number of xi ’s in this way, the probability function P is approached.
Appendix 2
Theory of scattering
The scattering angle in the center-of-mass system, , that results from the collision can
be calculated from [158]:
 = π − 2ρ
∫ ∞
r0
dr
[
r2 f (r)
]−1
(6.13)
where
f (r) =
[
1 − ρ2/r2 − V (r)/Er
]1/2
. (6.14)
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In these formulas, ρ is the impact parameter, r0 is the apsis of the collision (distance of
closest approach), V (r) is the potential of the interatomic force, and Er is the relative
kinetic energy of the particles. The distance of closest approach can be calculated by
solving the equation [158]:
f (r0) = 0 (6.15)
When this r0 is known, it is possible to calculate , the scattering in the center of mass
system. It is not possible to calculate  from formula 6.13 directly, because a singularity
is present in the integral. After substitution of variables, the integral can be rewritten as
a sum [173]:
 = π − 2ρ
r0
π
n
n∑
i=1
bi bn−i+1
[
f
(
r0
b2i
)]−1
(6.16)
with
bi = cos
(
2i − 1
4n
π
)
(6.17)
In this formula, n is the number of pivots. The higher the n, the more accurate is the cal-
culation of . An n of 100 (used in our calculations) gives an error which is already very
small compared to uncertainties introduced by, e.g., the choice of collision interaction
potential V (r).
From the scattering angle , it is easy to calculate the velocities of the sputtered
particle and gas particle after collision ( vs ′ and vg ′ respectively) [130, 174]:
vs ′ = Ms vs + Mg vgMs + Mg +
Mg
Ms + Mg
V ′ (6.18)
vg ′ = Ms vs + Mg vgMs + Mg −
Ms
Ms + Mg
V ′ (6.19)
In this formula, vs and vg are the velocities of the sputtered particle, and the gas atom
before collision. Ms is the mass of the sputtered particle, and Mg is the mass of the gas
atom. V ′ is the relative velocity after the collisional, which can be expressed in  and
the relative velocity before collision V as:
V ′ = | V |(eˆA sin  + eˆp cos ) (6.20)
The unit vector eˆ p is in the direction of the sputtered particle in the orbital plane eˆ p =
V /| V |. The unit vector eˆA is perendicular to the orbital plane and to the unit vector eˆ p.
It can be calculated [174] using eˆA = eˆp × A/|eˆp × A|. Vector A is randomly generated.
So far, the random numbers that were introduced had values between 0 and 1. Because
A is a vector, its random components can also be negative.
CHAPTER 7
The effect of resputtering on the CaP coating composition
7.1 Introduction
In the previous chapter, dedicated experiments were performed to obtain a better under-
standing of the deposition process. An aperture was used during the deposition process
and this process was simulated using a Monte Carlo (MC) computer simulation. One
of the important conclusions was that the substrate is bombarded during the coating de-
position, which causes the preferential resputtering of P from the coating. Because this
bombardment may alter the coating composition and it possibly also influences the ad-
hesion, the resputtering effect is studied in more detail in this chapter. The species which
is mostly responsible for the preferential resputtering will be identified and the degree
of resputtering will be quantified. In short, the idea is as follows. Because the species
that cause the resputtering move perpendicular to the substrate holder (chapter 6), al-
most all of the substrate that is mounted behind the shield with the aperture is protected
from bombardment, except for the region which is directly behind the small aperture.
Therefore, the degree of resputtering can be quantified by comparing the total amount
of CaP deposited behind the aperture, to the amount of CaP deposited at the position of
the aperture (hereafter referred to as “on top of the aperture”). This experiment will be
described for different Ar pressures. Further, an additional experiment is performed, in
order to identify which species cause the resputtering. Finally, we will try to explain the
varying degree of resputtering for different gas pressures.
7.2 Experimental
A schematic drawing of the deposition system was already given in figure 6.1 (chapter
6). Most experimental details for the experiments of this chapter can be found in chapters
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2 and 6. In short, the experiment is as follows. Besides the conditions that were used to
deposit the ‘images’ from the sputter target (chapter 6), samples were also created under
identical conditions, but with the silicon substrate mounted on top of the circular aperture
instead of behind it. In this case, every point on the sample is exposed to every source
point of the target, resulting in a higher deposition rate compared to the depositions
behind the aperture. Therefore, a deposition time of 2 hours was used (instead of the
15 hours that was needed to obtain the images).
In order to find the influence of charging of the substrates on the composition of the
deposited film, a series of depositions was performed for deposition times of 10, 30, 75,
240, and 915 min. Si substrates were mounted either directly on the grounded substrate
holder, or on a piece of PTFE. The power that was used in these depositions was 100 W,
and the Ar pressure was 2.0 × 10−3 mbar. The sample holder was rotated during these
depositions.
To analyze the samples which were deposited behind the aperture, the beam was
scanned along a line through the center of the CaP image. From the Ca and P peaks in the
RBS spectra the absolute amount of Ca and P and the resulting Ca/P ratios were obtained
at every position. The “on top” samples were uniform in thickness and composition.
Therefore, an analysis of one spot was sufficient.
7.3 Monte Carlo simulations
The variation in energy with which species arrive at the substrate for different Ar pres-
sures (needed in the discussion of this chapter) is calculated with the Monte Carlo simu-
lation that was introduced in chapter 6.
7.4 Results
Figure 7.1 shows an example of Ca and P profiles of a sample deposited at an Ar pressure
of 8.5 × 10−4 mbar, measured by RBS. As was already explained in chapter 6, the
double peaked structure is an image of the so-called “race track,” which is present in
the sputter target as a result of the magnetic configuration below the target. From these
one-dimensional profiles, it is possible to calculate the total amount of Ca and P which
is deposited on the whole sample. This total coverage (in 1015 atoms) and the resulting
Ca/P ratio are given in figure 7.2A and figure 7.2B, respectively. The upper limit of the
total amount of deposited material is more difficult to determine than the lower limit.
Therefore, some of the error bars in figure 7.2A are asymmetric. Figure 7.2A shows that
for an increase in Ar pressure the total amount of Ca and P deposited behind the aperture
is more or less constant up to ∼ 2.0 × 10−3 mbar, and then decreases by more than a
factor of 2. The resulting Ca/P ratios of these samples (figure 7.2B) vary between 0.6 and
1.2, which is well below the Ca/P ratio of the sputter target (1.67, denoted by the dotted
line in figure 7.2B).
The effect of resputtering on the CaP coating composition 93
Figure 7.1: Example of a P and Ca image, measured by RBS. The sample was deposited
at an Ar pressure of 8.5 × 10−4 mbar. The two vertical lines denote the size and position
of the circular aperture that was used.
It is interesting to compare the total amount of material deposited behind and on top
of the aperture. In principle, the total amount of material that is deposited on top of the
aperture per unit time, on an area equal to the aperture size, should be the same as the total
amount of material that is deposited behind the aperture. To make this comparison, the P
and Ca coverages, measured by RBS, of the material deposited on top of the aperture was
first normalized to a deposition time of 15 hours. Then, the data were normalized to an
area equal to the effective aperture size. The reason for not taking the real aperture area
is the following. Based on computer simulations of the deposition process (chapter 6),
the particles pass the aperture at an average angle of approximately 24◦. As a result, the
effective area of the aperture is smaller (figure 7.3) by about 28%. After normalization,
figures 7.2C (the Ca and P coverage) and 7.2D (the resulting Ca/P ratio) are obtained.
Figure 7.2C shows that for “on top” samples, the amount of Ca increases slightly
with an increase in Ar pressure. The increase of P is much stronger, which results in a
decrease of the Ca/P ratio for increasing Ar pressure.
In order to identify whether the bombarding species are positively or negatively
charged, an additional experiment was performed. Si substrates were either mounted
directly on the grounded substrate holder, or they were mounted on a piece of (insulat-
ing) PTFE. The resulting difference in surface charge during deposition influences the
severity of the bombardment, because the charged bombarding species are either accel-
erated or decelerated by charge on the substrate material. Figure 7.4 shows the Ca/P
ratios for the series deposited at 2.0 × 10−3 mbar and 100 W for different coating cov-
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Figure 7.2: (A) Total amount of Ca and P deposited behind the aperture, as a function
of the Ar gas pressure. (B) Resulting Ca/P ratios. (C) Amount of Ca and P deposited on
a substrate which was mounted on the aperture. (D) Resulting Ca/P ratios. The dotted
horizontal lines in figures (B) and (D) denote the Ca/P ratio of the sputter target that was
used.
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Figure 7.3: As a result of the average angle at which particles cross the aperture, the
effective aperture size (deff) is smaller than the actual aperture size (dap).
erage. The Si that was mounted on PTFE shows an almost constant Ca/P ratio of 1.7.
The Ca/P ratio of the silicon that was mounted directly on the grounded substrate holder
drops from 4 to 1.8 with an increase in coating coverage. The top scale in figure 7.4 gives
the approximate coating thickness (in nm), calculated from the coating coverage (in 1015
atoms/cm2). For this, the density of crystalline HA [122] (3.16 g/cm3) is assumed.
7.5 Discussion
The point which should be addressed first is why the Ca/P ratio behind the aperture (0.6-
1.2) is well below the Ca/P ratio of the sputter target (1.67, figure 7.2B). An explanation
for this may be that the particle ejection distributions for Ca and P are different (a large
normal component for P and a large off normal component for Ca), which results in a
low Ca/P ratio directly above the target. That this may be a reasonable explanation was
shown by Chao et al. [152], who found strongly varying particle ejection distributions
for the three components of a TbFeCo sputter target. Another explanation may be that
part of the Ca is ejected as a positive ion, and is therefore not able to cross the plasma
sheath near the target [162]. It is not clear, however, where this material is redeposited.
Finally, an appealing explanation is that P is preferentially sputtered from the target,
resulting in a low Ca/P ratio. However, in the case of preferential sputtering, quickly
a new equilibrium is reached on the sputter target, which diminishes a deviation in the
ratio of sputtered species.
There is a large difference between the amount of material deposited behind and
on top of the aperture (figures 7.2A and 7.2C). At low Ar pressures, the amount of Ca
deposited behind the aperture is about 70% higher than the amount deposited on top of
the aperture. For P, the effect is even larger: about 5 to 6 times as much P is deposited
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Figure 7.4: Ca/P ratios as a function of the coating coverage on Si that was mounted on
the substrate holder and on Si that was mounted on PTFE, determined by RBS.
behind the aperture, compared to the amount of P deposited on top of the aperture. At the
higher Ar pressures, the amount of Ca and P deposited behind and on top of the aperture
is comparable.
Clearly, at low Ar pressures, material is lost from the film that grows on top of the
aperture, preferentially P. This resputtering is the result of energetic particle bombard-
ment during the deposition process. An interesting question is, which particle causes this
resputtering? A growing film is bombarded by many different energetic species during
growth in an RF magnetron sputter system, e.g., electrons, (vacuum) UV radiation, neu-
trals and ions from the plasma, and (reflected) neutrals and ions from the sputter target.
The fact that the film behind the aperture seems to be more protected against bombard-
ment than the film growing on top of the aperture, suggests that the resputtering causing
species bombard the material more or less perpendicularly, as was already concluded
in chapter 6. If this were not the case, the entire film behind the aperture would be in-
fluenced. Because P is preferentially resputtered, the Ca/P ratio near the center of the
aperture is higher. This effect can be seen in the Ca and P profiles in figure 7.1.
Because energetic (reflected) neutrals and UV radiation do not have preferential
movement perpendicular to the substrate, they can be excluded as the most important
resputtering causing species. Although energetic electrons oscillate due to the RF field
perpendicularly to the substrate holder, they are unlikely to cause these large resputtering
rates. Energetic positive Ar ions not only bombard the sputter target, they also bombard
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the substrate holder, because they are accelerated by the plasma sheath, over the plasma
potential VP (figure 6.1 in chapter 6). Typically, the plasma potential is 2-20 V [161].
The second candidate may be negatively charged species which are ejected from the tar-
get and are immediately accelerated by the plasma sheath near the target. Because we
showed that Ca and P travel from the sputter target to the substrate as neutrals (chapter
6), only two species can be responsible for the resputtering: either negatively charged O
ions from the target, or positive Ar ions from the plasma.
The results in figure 7.4 can be used to answer which of these two particles is mostly
responsible for resputtering of the coating. The Si that was mounted directly onto the
grounded substrate holder experiences more severe bombardment during deposition of
approximately the first 2000 × 1015 atoms/cm2, resulting in preferential resputtering of
P, and thus a high Ca/P ratio. The Ca/P ratio of the coating on Si that was mounted on the
insulating PTFE is almost constant. The explanation for this is that the Si on the PTFE
gets negatively charged as a result of the difference in mobility of electrons and ions in
the RF discharge [34] whereas the Si that is mounted directly onto the substrate holder
remains at ground potential. This situation is shown schematically in figure 7.4. Nega-
tively charged species are decelerated in the former case, and not in the latter case. This
causes more damage (higher Ca/P ratio) and a thinner coating for equal deposition times
in the case of Si that is mounted directly on the substrate holder. When the thickness of
the insulating CaP increases, both coating surfaces become charged equally, and the Ca/P
ratio reaches an equal value. If positively charged Ar ions were the bombarding species,
the observations would have been opposite. Thus, the negatively charged O ions that are
accelerated from the sputter target contribute most to the resputtering (preferential P) of
the coating. Finally, it should be mentioned that the effect of preferential resputtering
of a coating species by negative ions from the target was also observed by others. For
example, Ba is preferentially sputtered from a Ba(Pb,Bi)O3 film by negatively charged
ions from the target [175].
Now that it is clear which are the bombarding species, a final interesting question is
whether the decrease of resputtering with an increase in Ar pressure can be understood.
An appealing explanation is that the bombarding O loses more energy at higher Ar pres-
sures while traveling from the target to the substrate, and thus fewer resputtering events
will result. Another explanation may be that that O leaves the target with different ener-
gies due to variations in the target self-bias (VSB, indicated in figure 6.1 in chapter 6) at
different Ar pressures, causing varying degrees of resputtering.
To investigate the first explanation in more detail, it is necessary to know the energy
loss of energy in O ions that travel from the target to the substrate. It is possible to study
this so-called thermalization process [147,155,176] using a Monte Carlo simulation [128,
177]. Using the Monte Carlo simulation that was introduced in chapter 6, we are able to
follow the change in energy distribution, as a function of Ar pressure. Figure 7.5 shows
spectra of O that traveled from the target to the substrate with no collisions, at the lowest
(5.0 × 10−4 mbar), and at the highest (5.0 × 10−3 mbar) Ar pressure that was used in the
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Figure 7.5: Energy spectra of O atoms arriving at the substrate holder for different Ar
pressures. Also indicated are the average number of collisions and the average energy of
the arriving O ions.
experiments of this chapter1 In the figure, a table with numerical values of the average
energies and number of collisions is also given. As can be seen from the spectra and the
table, the decrease in average energy is only 6%. The calculations are for neutral O. In
the case of negatively charged O, the relative decrease in energy is even less than 6%
(due to a longer mean free path resulting from the higher kinetic energy). It is unlikely
that this small decrease in energy of the bombarding species can cause the large decrease
in resputter rate of the growing film with an increase in Ar pressure.
To investigate the second explanation for the varying resputtering rate, the variation
in target self-bias was measured for different Ar pressures. The results are given in figure
7.6. The arrows indicate the pressures at which samples were made. It is clear that the
variation in target self-bias is small. So, the energy of bombarding negatively charged O
ions is almost constant. Therefore, the variation in target self-bias is also not likely to be
the reason for the large variations in resputtering rate with varying Ar pressures.
Unfortunately, it is not clear what actually causes the varying resputtering rates. A
plausible explanation might be that a high amount of negatively charged O is generated at
low Ar pressures, whereas at high Ar pressures more neutral, less energetic, O is ejected
from the target. Thus, the resputtering decreases with an increase in Ar pressure.
1Although not necessary for the results in this chapter, the thermalization process was also studied for a larger
pressure range (between 5.0 × 10−4 mbar and 1.0 × 10−1 mbar). The results of the calculations are included in the
appendix of this chapter for future reference purposes.
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Figure 7.6: Target self-bias as a function of the Ar pressure. The arrows indicate at which
pressures the samples were made.
7.6 Conclusions
In this chapter, we again studied the RF magnetron sputter deposition of CaP coatings by
using an aperture. By comparing the amount of material deposited behind the aperture to
the amount deposited on top of the aperture, the effect of resputtering can be estimated in
an easy way. We found that at low Ar pressures the effect of resputtering on the coating is
larger than at high Ar pressures. We were able to conclude that negatively charged O that
bombards the film is responsible for resputtering of the deposited coating. We also tried
to understand the decrease in resputtering with an increase in Ar pressure from variation
in the target self-bias voltage. This did not seem to be the explanation for the observed
dependence. Also the reduction in energy of the bombarding O, due to collisions in the
background Ar gas, did not give a plausible explanation for the variation in resputtering
rate. Probably, the difference is caused by a decrease in the number of negative O ions
created with an increase in Ar pressure.
Appendix
Thermalization of Ca and P
In the main part of this chapter, the effect of thermalization was briefly mentioned. Calcu-
lations were presented on O that travels from the sputter target to the substrate holder. For
completeness and future reference, the results for a broader pressure range (5.0 × 10−4
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– 1.0 × 10−1 mbar) are presented here. The calculations are made for P, but as the
interaction potential of Ca and P are comparable, the results can be used for Ca as well.
The calculated trajectories of sputtered particles that successfully traveled from the
target to the substrate holder are presented in figure 7.7. They travel from the sputter
target (dotted area) to the substrate holder, which is located 8.2 cm above the target.
The plane of the substrate holder is indicated by the top-most circle. The grounding
shield and the cross contamination shield are also indicated. The trajectories change
from almost collision free at the lowest pressure, to random walk-like at the highest Ar
pressure. As a result of the collisions, the sputtered particles loose energy, they become
thermalized. The energy spectra with which the sputtered particles arrive at the substrate
holder at different Ar pressures are given in figure 7.8. For the lowest Ar pressure, the
energy spectrum is almost like the assumed Thompson distribution. With increasing Ar
pressure, the sputtered P loses energy as a result of collisions with the Ar atoms of the
background gas. At the highest Ar pressure (1.0 × 10−1 mbar) the particles have lost
most of their energy and they are almost completely thermalized.
The average energy of P when deposited on the substrate holder, and the number of
collisions that sputtered P experience on the travel from target to substrate holder, are
given in figure 7.9 for different Ar pressures. At the lowest Ar pressure, most of the P
travels collision free from the sputter target to the substrate holder2. For the highest Ar
pressure, the number of collisions increases to an average of almost 1000. The average
energy with which P arrives at the substrate holder reduces from 8.2 eV for the lowest
Ar pressure, to an average energy of ∼ 0.08 eV at an Ar pressure of 1.0 × 10−1 mbar.
The latter energy is, when a plasma temperature of 350 K is assumed, less than a factor
of 2 from the average energy kinetic energy of the Ar atoms in the background gas
(Ekin = 32kT = 0.045 eV). This means that at 1.0×10−1 mbar, the sputtered P is indeed
almost completely thermalized.
2As was stated in chapter 6.3.2, a collision is defined as the approach of a sputtered particle to within 4A˚ of an
Ar atom
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Figure 7.7: The trajectories of neutral sputtered P for different pressures. (A)
5.0 × 10−4 mbar (30 trajectories), (B) 7.0 × 10−3 mbar (30 trajectories), and (C)
1.0 × 10−1 mbar (3 trajectories)
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Figure 7.8: The energy spectra with which particles arrive at the substrate holder at
different Ar pressures.
Figure 7.9: The average number of collisions (left scale) and the average energy (right
scale) with which P arrives at the substrate holder.
CHAPTER 8
Bulk composition of CaP coatings on different substrates
8.1 Introduction
In this chapter, the bulk composition of the CaP coatings is studied. Although quite some
work has been done by Van Dijk et al. [20–22], we have several reasons for additional
experiments. Firstly, the work of Van Dijk was mostly done at high discharge powers.
However, polymeric substrates melt at these power settings and therefore we need to
investigate the low power regimes of the deposition process. Secondly, the influence of
the position of the substrates on the coating composition was not clear yet. Thirdly, in
pilot experiments, we noticed that the coating composition was thickness dependent, and
it even depended on the kind of substrate that was used. We expect that sample charging
during the deposition process plays a role and, as we will show, the coating composition
may also be influenced by species that escape from the substrates.
Therefore, the aim of the work in this chapter was to determine and understand the
CaP coating composition for various gas pressures, positions in the deposition chamber,
and on different substrates. In order to use the results for other deposition systems, we
will describe the results in the light of processes that occur during deposition.
8.2 Experimental
8.2.1 Coating deposition
For the depositions in this chapter, HA granules were used as sputter target. PE, PTFE,
and Si wafer were used as substrates. These were mounted 7-8 cm from the center of the
substrate holder. Some depositions were performed by using a rotating substrate holder,
while others were done with a static substrate holder. The positions of the substrates
during the static depositions are indicated in figure 2.1 (chapter 2) by a cross (×) and a
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star (). × is directly above the sputter target, while the  coincides with the aiming point
of a Kaufmann ion source. During static depositions, the cross contamination shields on
the targets were removed, in order to increase the deposition rate at the position of the
aiming point of the ion gun (). The differentially pumped MS was used for the analysis
of the gas composition.
Ar was used as the sputter gas. Depositions were performed at 5.0×10−4, 2.0×10−3,
7.0 × 10−3, 2.5 × 10−2, and 1.0 × 10−1 mbar (which is the total practical range of
our system). The deposition time was kept constant at 2 hours. The depositions were
performed with one target at an operating power of 100 W. From experience, we know
that the reproducibility of the system is good. Therefore, it was sufficient to make one
sample for each set of parameters.
To check the dependence of the coating composition on the thickness, also a series
of samples were made at an Ar pressure of 2.0 × 10−3 mbar, with one target operating
at 100 W and a rotating substrate holder. The deposition times were 10, 30, 75, 240, and
915 miutes. Besides PE, PTFE, and Si, Si substrates were also mounted on insulating
material (PTFE), in order to study the effect of charging on the coating composition.
To determine the loss of F from PTFE during coating deposition, the following ex-
periment was performed. A piece of PTFE (30 × 30 × 1 mm3) was mounted on the
substrate holder, statically above the back target (figure 2.1). Only the front target was
operated, at a power of 200 W. The Ar pressure remained at 5.0 × 10−3 mbar. At time
t = 0 seconds, the MS was started to measure at a mass of m/z = 19. After 300 seconds,
the substrate holder was started to rotate. At t = 1500 s, the substrate holder was halted,
such that the PTFE was positioned directly above the operating sputter target (× in figure
2.1). At t = 2700 s, the rotation was started again, and at t = 3900 s, the substrate was
repositioned above the non-operating back target. At t = 5100 s, the measurement was
stopped. As a reference, the same experiment was performed without the presence of the
PTFE.
A final experiment was to study the influence of an energetic bombardment during
deposition, on the composition and thickness of the coating. For this, Si substrates were
mounted on the aiming point of the ion gun ( in figure 2.1). During the static depo-
sitions, the Ar pressure remained at 1.0 × 10−3 mbar and the sputter target operated at
200 W for 4 hours. The current of the ion gun was varied by the power and by using
different extraction grids. Its magnitude at the different settings was measured separately
by using a Faraday cup. The energy of the bombarding ions was kept at 500 eV. In this
chapter, the current is expressed as the ion/atom ratio, in which the ions came from the
ion gun, and the atoms are the arriving elements (Ca, P, and O) from the sputter target.
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8.2.2 Analysis
RBS
The coating compositions and thicknesses were determined using RBS. In this chapter,
the RBS-determined coverage is expressed in 1015 atoms/cm2. For stochiometric HA,
1 nm coating consists of 8.3×1015 at./cm2 (based on a HA density of 3.16 g/cm3 [122]).
Because we do not grow stochiometric HA (not in composition, nor in crystallographic
structure), we decided not to convert the measured coverages to thicknesses. Neverthe-
less, the value of 8.3 × 1015 at./cm2 per nm CaP can be used to roughly estimate the
coating thicknesses. The accuracy of the determined coating coverages was approxi-
mately 8%.
XPS
XPS was also used to determine the coating composition. The Ca/P ratios were extracted
from the peak areas (after linear background subtraction), thereby taking into account the
sensitivity for the different elements. The sensitivities were found by measuring samples
with a well known coating composition.
8.3 Results
We first present the data of the three series, the rotating and the two static depositions.
Figure 8.1 shows the total coating coverage (A), the Ca coverage (B), and the Ca/P ra-
tio (C) of the deposited material for the rotating substrate holder series, as measured by
RBS. The data for the three different substrates are shown at various Ar pressures. Fig-
ure 8.1A shows that the coating coverage decreased with increasing Ar pressure. The
coating coverage on PE was higher than on Si by a factor of 1.5-2. On PTFE, the coating
coverage was lowest, differing by a factor of 4-5 with the PE substrate. The amount of
Ca also decreased with increasing Ar pressure (figure 8.1B). Although small variations
in Ca coverage for the three substrates existed (especially for the lowest Ar pressure),
the relative differences were not very large. Figure 8.1C shows the Ca/P ratios. They
differ markedly for the three substrates. For all substrates, decreasing Ca/P ratios were
found. For PE, the lowest ratios were found (between 0.5 and 1.0). The ratios on the Si
substrates were higher (between 0.5 and 2.2). On PTFE, the highest ratios were found
(between 4 and 5). No data are available for the two highest Ar pressures on PTFE, as
the amount of P was too little to be quantified accurately.
Figure 8.2 shows the same graphs, but now for a static deposition at the  position
(figure 2.1). Figure 8.2A shows that the coating coverage decreased with increasing Ar
pressure (except for Si, for which at lower pressures an increase was found). Again, the
highest coverage was found on PE, and the lowest coverage was found on PTFE. Figure
8.2B shows that the Ca coverage decreased with increasing Ar pressure, in a similar way
on all three substrates. The Ca/P ratio also showed a decreasing trend with increasing Ar
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Figure 8.1: The coating coverage (A), Ca coverage (B), and Ca/P ratio (C) of coatings
that were deposited with a rotating substrate holder at 100 W.
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Figure 8.2: The coating coverage (A), Ca coverage (B), and Ca/P ratio (C) of coatings
that were deposited with a static substrate holder at the  position (figure 2.1).
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pressure for all substrates (figure 8.2C). The ratios on PTFE were the highest (except for
the lowest pressure), and the ratios on PE were the lowest, but the differences are less
pronounced as in the rotating case.
Figure 8.3 shows the results for the static deposition above the target (× position in
figure 2.1). Although the relations are somewhat less clear now, again the total coating
coverage was highest on PE and lowest on PTFE (figure 8.3A). There was no obvious
decrease of coating thickness with increasing Ar pressure, except for the highest pres-
sure. A similar trend is seen in the Ca coverage (figure 8.3B). In contrast with the other
positions, the Ca coverages were not equal on the three substrates. The Ca/P ratios did
not show a monotonically decreasing value with increasing Ar pressure. In contrast with
figures 8.2C and 8.3C, the Ca/P ratios on PTFE were in between those of PE (with the
lowest ratios) and Si (with the highest ratios).
The Ca/P ratios of the coatings as a function of deposition time, as measured by RBS,
are given in figure 8.4. Besides PE, PTFE, and Si, also a series of Si that was mounted on
an insulator (PTFE) is presented1. For short deposition times, the PE showed a low Ca/P
ratio (0.7), which increased to 1.3 with increasing deposition time. The PTFE showed a
very high Ca/P ratio for a short deposition time (∼ 8). This ratio decreased to 2.8 when
the coating gets thicker. The Si that was mounted on PTFE showed an almost constant
value of 1.7, except for the thinner coatings, where the ratio was somewhat higher (2.0).
The Ca/P ratio on Si decreased from a value of 4, to a value of 1.8 for higher coating
thicknesses.
Figure 8.5 shows the detected signal, as measured by the MS, at m/z = 19 (fluo-
rine) as a function of time. The vertical dotted lines indicate the moments at which the
substrate holder was started or stopped rotating. Also indicated on the (non-linear) top
scale are the estimated coating thicknesses at the different moments during the deposi-
tion. When the substrate holder (with the 3 × 3 cm2 piece of PTFE) started to rotate
(at t = 300 s), the detected signal increased above the background level. A constant
value was reached, but as soon as the PTFE was positioned statically above the operating
front target (at t = 1500 s), the signal strongly increased. When the signal was almost
saturated, the rotation of the substrate holder was started (at t = 2700 s), and the sig-
nal decreased again. At t = 3900 s, the substrate holder was stopped again, but now
the PTFE was above the back target (which was not operating), as was the case before
t = 0 s. In between t = 3900 s and t = 5100 s, the signal slowly decreased to the back-
ground level again. The same experiment was performed without the PTFE installed.
The detected signal remained constant at the background level.
Figure 8.6 shows the resulting coating coverage under additional 500 eV bombard-
ment, as a function of the ion/atom ratio. Around 0.1 ion/atom, a strong decrease in the
coating coverage was observed down to less than 10% of the coverage at low ion/atom
ratios. Figure 8.6 also shows the Ca/P ratio as a function of the ion/atom ratio. A sig-
nificant increase in Ca/P ratio, from 2.0 to 2.5, was observed when the ion/atom ratio
1The data on Si and Si on PTFE were previously presented in chapter 7
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Figure 8.3: The coating coverage (A), Ca coverage (B), and Ca/P ratio (C) of coatings
that were deposited with a static substrate holder at the × position (figure 2.1).
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Figure 8.4: The Ca/P ratio of CaP coatings as a function of deposition time. The coatings
were deposited on PTFE, PE, Si, and on Si which was mounted on an insulator (PTFE).
Figure 8.5: The MS detected signal at m/z = 19. The vertical lines denote the times
when the substrate holder was started or stopped to rotate. The horizontal dashed line
gives the background level of the signal.
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Figure 8.6: The coating coverage (left scale) and Ca/P ratio (right scale) as a function of
ion/atom ratio.
was increased from 0 to 0.07. When the ion/atom ratio further increased, a very strong
increase in the Ca/P ratio was visible.
8.4 Discussion
We studied the bulk composition of CaP coatings on polymeric substrates (PE and PTFE)
and Si. First, we discuss the results of the material that was deposited using a rotating
substrate holder (figure 8.1) and the static depositions, which were not positioned above
the sputter target (figure 8.2). For increasing Ar pressure, the total coating coverage,
the Ca coverage, and the Ca/P ratio decreased. Surprisingly, large differences existed
between the total coating coverages on the different substrates. The variation in total
coating coverage on the different substrates was largest for the rotating substrate holder
series. However, the differences in Ca coverages on the different substrates were mostly
small. As will be shown later, the decrease in the amount of Ca for increasing Ar pressure
can be understood by Ca ‘getting lost’ when traveling from the sputter target to the sub-
strate. Due to the increasing number of collisions at higher gas pressures, the trajectory
of the sputtered Ca starts to look like a random walk through the deposition chamber,
thereby enlarging the chance of getting lost (appendix of chapter 7). Because the total
amount of Ca in the coatings was about equal for the three substrates, the observed varia-
tions in coating composition and coverage were the result of different amounts of P (and
O), as is clearly reflected in the results of figure 8.1C.
Before explaining these results, they are now compared to the static deposition se-
ries above the sputter target (figure 8.3). First of all, it should be noted that the pressure
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dependences of the data in this series was somewhat less clear than those for the rotating
and static  series. The total amount of deposited Ca was not equal on the three sub-
strates. The highest amount of Ca was deposited on Si, while the lowest amount of Ca
was deposited on PTFE. The Ca/P ratios were lowest on PE, while they were highest on
Si. The total coating coverage, Ca coverage, and the Ca/P ratios were not monotonically
decreasing with Ar pressure, as was the case for the rotating and static  series. In-
stead, they roughly remained constant, except for the highest Ar pressure, where a sharp
decrease in the total and the Ca coverage was observed.
8.4.1 Influence of surface charging
Clearly, the coating composition and thickness strongly depended on the substrate that
was used. Because the arrival rate of sputtered elements were equal for the three sub-
strates, as the positions during the deposition were identical, evidently material was lost
from the deposited coatings. In chapters 4 – 7, we showed that the substrates are bom-
barded during the deposition of the coating. Energetic species that are ejected from
the target or that escape from the plasma are causing the (preferential) resputtering of
components from the coating. An explanation for the observed differences on the three
substrates may have its origin in variations in surface charging, leading to an increase or
decrease in the bombardment by charged particles.
In the experiment to study the effect of charging (figure 8.4), besides the PE, PTFE,
and Si, also Si on an insulator (PTFE) was mounted. If the Si and Si on PTFE are
compared, relatively more P was removed from the Si that was mounted directly onto
the grounded substrate holder. This means that the Si experienced a more severe bom-
bardment during the deposition. The Si on PTFE (and the insulating substrates) be-
came negatively charged during the deposition of the coating as a result of the difference
in mobility of electrons and the ions [34]. This means that negatively charged O ions
that escape from the sputter target, and that are accelerated by the plasma sheaths, are
somewhat decelerated or even deflected by the negative charge on the substrate surfaces.
Therefore, the damage on this substrate was less, compared to the Si that was mounted
on the conducting substrate holder. From figure 8.3 then follows, that when the thickness
of the (insulating) CaP coating increases, the charging becomes equal on both substrates,
and the degree of preferential resputtering and the resulting coating composition became
equal. The effect that P is preferentially removed from a CaP coating due to an energetic
bombardment was also observed by others [18, 163]. It should be mentioned that the O
ions are accelerated to travel almost perpendicularly relative to the target surface and the
substrate holder. This limits the region where the damage occurs to the region directly
above the sputter target (dotted region in figure 2.1). Further, when positively charged
Ar ions from the plasma would be the main bombarding species, the results that were
found in this experiment would be the opposite (i.e., a higher P resputter rate on the in-
sulating samples). Therefore, negatively charged O that escapes from the target is indeed
the species that causes most of the damage, as was also concluded in chapter 7.
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The Ca/P ratios on the insulating PE were low, which indicates a low degree of
P resputtering. This can again be understood by the negative charging, resulting from
the insulating nature of PE. The very low Ca/P ratios for small deposition times can be
understood from the chemical reactivity of the CaP ceramic towards the PE (chapter 5).
One would expect that the ratios of the Si on PTFE and the PE would be the same at
larger thicknesses (both are insulating). XPS measurements (not shown here) indicated
that for the highest coating thickness the coating compositions were equal (XPS only
probes the top few nanometers, while RBS averages the whole coating). The reason why
the compositions were not equal at intermediate coating thicknesses is not clear. Maybe,
although both substrates are insulating with respect to the substrate holder, the difference
in bulk conductivity of the Si and the PE substrate influences the charging and therefore
the degree of preferential resputtering of P.
The relative differences between the Ca/P ratios on PE and Si in the static depositions
(figure 8.2C and figure 8.3C) can be understood now. As the O bombardment was almost
absent at the  position, the differences in the Ca/P ratios on PE and Si were relatively
small (figure 8.2C). Because the PE became negatively charged above the sputter target
(× position, figure 8.1B), it is less sensitive to the O bombardment, compared to Si. The
variation in surface charging of the insulating PE and the conducting Si then resulted in
large differences in the Ca/P ratios (figure 8.3C).
8.4.2 Influence of fluorine escape from the PTFE
The idea that surface charging plays a role in the coating composition does not explain
the high Ca/P ratios on PTFE. PTFE, as an insulator, should negatively charge during
the deposition of the coating, resulting in a low Ca/P ratios, as on PE. Clearly, another
phenomenon is occurring. Previously, we observed high Ca/P ratios on PTFE, when
studying the formation of the interface between CaP ceramic and PTFE (chapter 4).
We attributed the high Ca/P ratios to the preferential binding of Ca to escaping F, to
form CaF2-like material, in combination with the loss of P from the coating, due to the
reaction of P with the escaping F, to form a stable PF3 gas molecule. We supposed
that this loss of F from the PTFE was due to the bombardment by energetic particles
(atoms or ions) from the sputter target or the plasma. However, to our surprise, even
for large coating thicknesses, compared to the maximum penetration depth of energetic
ions, a high Ca/P ratio was observed. In fact, XPS measurements showed that even for
the highest coating thickness in figure 8.4, the Ca/P ratio was still significantly higher
in the top few nanometers of the coating, compared to the PE and Si substrates. From
AFM measurements (not shown), we know that the coating was covering the entire PTFE
substrate. Because the coating prevented the continuing particle bombardment of the
PTFE substrate, this bombardment cannot be the only explanation for the high Ca/P
ratios on the PTFE. We hypothesize that (vacuum) UV light that escapes from the plasma
is causing the detachment of F, after which it diffuses towards the surface of the coating.
There, it can react with Ca or P. As will be shown in chapter 11 (figure 11.2), our CaP
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coating is optically transparent down to 200 nm, which means that UV light can indeed
pass the coating and damage the PTFE.
In order to prove that the escape of F actually occurs, the MS was used to monitor
m/z = 19 (fluorine). It should be stated, that the absolute pressures in figure 8.5 cannot
be trusted, as the MS is differentially pumped and the sensitivity of the MS towards F
is unknown. We measured at m/z = 19 instead of m/z = 88, the mass of PF3, the
gas that we hypothesized to escape from the PTFE, because the latter mass cannot be
distinguished from CF4. Initially, the PTFE was statically positioned above the back
target which was not operated. As soon as the substrate holder was started to rotate, the
PTFE thereby passing over the plasma, an increase in F signal was measured. When the
PTFE was positioned above the operating sputter target (× position), a sharp increase in
the amount of detected F was observed. In view of our hypothesis, this is due to a higher
UV light intensity that is reaching the PTFE. When the substrate holder was started to
rotate again, the signal dropped. The background level was reached again when the PTFE
was positioned above the back target. From this experiment it is clear, that the F kept
escaping from the PTFE, even when a coating was deposited that was impenetrable for
ions (top scale in figure 8.5). This supports our theory that besides ion bombardment,
which may play a role in the initial stages when the coating is very thin, the UV light
also influences the coating composition indirectly, as a result from the escaping F. Others
also found a strong defluorination of PTFE as a result of UV light [44, 47, 178, 179].
With the effects of charging and F escape in mind, the results in figures 8.1, 8.2,
and 8.3 can be understood. The differences in composition (Ca/P ratio) and the resulting
variation in coating thickness can be attributed to P getting lost by preferential resput-
tering or the reaction of P with escaping F. The amount of Ca was far less dependent of
the chosen substrate, because Ca was less likely to be removed during coating deposi-
tion. The exception for this was the static deposition above the target (figure 8.3). The O
bombardment was so severe, that not only P, but also Ca was partially resputtered.
The Ca/P ratio in figure 8.1 may appear high compared to those in figures 8.2 and
8.3. However, it should be realized that the total coating coverage on the PTFE in figure
8.1 was less than half of those in figures 8.2 and 8.3. Because of the strong gradient in
the Ca/P ratio with the coating thickness (figure 8.4), the high Ca/P ratios in figure 8.1
can be understood.
8.4.3 Additional bombardment
The effect of preferential resputtering of P by energetic ions can be used to control the
coating composition. When the number of bombarding 500 eV Ar ions per arriving
coating atom (Ca, P, or O) was increased, the Ca/P ratio increased (figure 8.6). When
the ion/atom ratio increased above 0.1, a sudden decrease in the coating coverage was
observed, in combination with a very high Ca/P ratio (resulting from the near absence of
P). From the figure, it can be seen that approximately 3–5 atoms were removed from the
coating per incoming 500 eV Ar ion. Because P was, again, preferentially resputtered
Bulk composition of CaP coatings on different substrates 115
Figure 8.7: The normalized Ca coverages for the three substrates as a function of Ar
pressure. The results are compared to the arrival chances, as predicted by a Monte Carlo
computer simulation.
from the coating, an additional bombardment can indeed be used to increase the Ca/P
ratio. This can be beneficial in cases where the as deposited Ca/P ratio is too low for the
biological performance of the coating.
8.4.4 Pressure dependence
A final point, which still needs to be addressed is the reason for the decrease of Ca
coverage with increasing Ar pressure. As stated before, the amount of deposited Ca was
fairly independent of the chosen substrate in case of the rotating and static  series. The
Ca coverages of these two series for the three substrates are plotted again in figure 8.7.
The ‘simulated’ data are the normalized results from the Monte Carlo simulation program
that describes the deposition process (chapters 6 and 7). When the Ar pressure increases,
the paths that the sputtered particles follow from target to substrate change from straight
lines (collision free) to a ‘random walk’ (appendix of chapter 7). The number of particles
that are able to reach the substrate decrease with increasing Ar pressure, because particles
have more chance of hitting objects (vessel wall, grounding shield) in the deposition
chamber when their movement becomes more like a random walk. The measured Ca
coverage is fairly well predicted by the simulations, especially when taking into account
that the simulations are based on a constant particle ejection rate, which in reality may
vary. So, when the deposition power is kept constant, the amount of Ca that arrives at the
substrate holder is mostly determined by the Ar pressure. On the other hand, the amount
of P was strongly influenced due to its preferential resputtering, or due to a reaction with
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F (in case of PTFE). These results prove, that besides commonly used process parameters
like, the gas pressure or deposition power, other ones are probably even more important:
the position of the substrates during the deposition, the thickness of the coating, and the
kind of substrate that is used.
So far, we presented series that were deposited using a deposition power of 100 W.
However, the results that we measured for some other series (one target operating at
200 W or two targets operating at 100 W) could all be understood from the phenomena
that we described in this chapter.
8.5 Conclusions
We found that the coating composition and thickness strongly depended on the chosen
substrate. The amount of Ca in the coating was controlled by the Ar pressure and was
fairly constant among the different substrates (except when the substrates were mounted
statically above the sputter target). The amount of P was influenced by variations in
charging of the substrates and due to a reaction with escaping F (in the case of a PTFE
substrate). An increase in negative charging of the insulating substrates during the depo-
sition process decreased the severity of the bombardment by negative O ions that came
from the target. This resulted in a thicker coating and less preferential resputtering of P.
Directly above the sputter target the bombardment was most severe. UV light was found
to be responsible for the detachment of F from the PTFE. The F reacted with the Ca
and P, to form CaF2-like material (which remained in the coating) and, probably, PF3,
which left the coating as a gas molecule. As a result, high Ca/P ratios were found on
PTFE. Further, the Ca/P ratio of the coating could be controlled by using an additional
500 eV ion bombardment during the deposition process. This work shows that the po-
sition where the substrates are mounted and, surprisingly, also the kind of substrate that
is used, largely influences the coating composition and thickness. This needs to be con-
sidered when depositing coatings, the more, because the effects are coating thickness
dependent.
CHAPTER 9
Adhesion of CaP coatings on polymeric substrates I
9.1 Introduction
In the case of CaP coatings on metallic substrates, Van Dijk et al. found excellent adhe-
sion [24]. However, little is known about the adhesion of RF magnetron sputter deposited
CaP coatings on polymeric substrates. Some work is published on the adhesion of CaP
coatings on polymeric substrates, but different deposition techniques were used. Hontsu
et al. deposited CaP on PTFE using laser deposition [43], while Tanahashi et al. used a
biomimetic process to deposit a CaP coating on several polymers [11]. Tanahashi found
negligible adhesion of CaP to PTFE (< 1.1 × 10−2 MPa), while adhesion to PE was
1.93 MPa. Hontsu was able for increasing the adhesion of CaP to PTFE from 0.4 MPa
to 6.0 MPa by a chemical pretreatment of the PTFE substrate.
This chapter describes our studies on the adhesion of RF magnetron sputter deposited
CaP coatings on PE and PTFE. First, we will describe two different adhesion testing
methods in which the influence of a plasma pretreatment on coating adhesion will also
be presented. The second part consists of experiments that were performed to reveal the
mechanisms behind the observed adhesion or the absence thereof in relation to processes
that occur during the deposition of the coating.
9.2 Experimental
9.2.1 General experimental details
Pretreatment and coating deposition
In the experiments of this chapter, the coatings were deposited by using HA granules as
sputter target. The power of the RF power supplies was 150 or 200 W. The process gas
was Ar at a pressure of 5.0 × 10−3 mbar or 7.0 × 10−3 mbar.
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Coating analysis
RBS was used to determine the coating composition and thickness. The measurements
were performed, as described in chapter 2.3.1.
9.2.2 The experiments
Tensile adhesion test
For the tensile adhesion test, CaP ceramic was deposited at 150 W and at an Ar pressure
of 5.0 × 10−3 mbar on the untreated or plasma pretreated PE or PTFE. The deposition
time was 1.5 hours and the substrate holder was rotated during deposition, resulting in a
coating thickness of ∼ 70 nm. The back sides of the substrates were coated in a second
run, because the inert substrates could not directly be bonded to the epoxy (chapter 2.4.1).
The samples were glued to the pull rods and were tested, in a way as described in chapter
2.4.1. Four samples were used in each group. Pull rods were also glued directly together
in order to test the strength of the epoxy. After mechanical testing, the samples were
examined by SEM and EDX.
Elongation adhesion test
For a second adhesion study, the untreated or plasma pretreated substrates (30×10 mm2)
were coated on one side only. Half of the PE samples was coated on the smooth side,
and the other half was coated on the rough side. The central part of the substrates
was clamped to the substrate holder to ensure good heat contact during coating depo-
sition. The CaP coating was applied at an Ar pressure of 5.0 × 10−3 mbar. The de-
position time was 1.5 hours and the power was 200 W. A rotating substrate holder was
used. The CaP coating thickness was slightly thicker than those used for the tensile
test, ∼ 100 nm. After deposition, the coated substrates were elongated, in a way as
described in chapter 2.4.2. For this adhesion experiment, four samples were used for
each group (untreated/plasma pretreated PE (smooth and rough) and untreated/plasma
pretreated PTFE). The CaP coating itself is transparent. Therefore, in this adhesion ex-
periment, half of the samples received an evaporated Al layer (∼ 100 nm) on the CaP
coating prior to testing, in order to judge visually whether or not the coating was still in
place after the testing. The samples that were not coated by Al were studied by SEM.
Ion bombardment
Two additional experiments were done to reveal the adhesion mechanism. Firstly, depo-
sitions were performed in which the samples were initially positioned at the focus point
( in figure 2.1) of the Kaufmann ion source (chapter 2.2). Samples were either left
untreated prior to deposition or they received a pretreatment by using 500 eV Ar ions
from this ion source. The gun was operated at a 13.56 MHz RF power of 50 W and an
Ar pressure of 2.0 × 10−3 mbar. The total dose was varied by using irradiation times
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of 0, 2, 20, and 200 minutes. This resulted in a pretreatment by 0, 5×1014, 5×1015,
and 5×1016 ions/cm2 respectively. Then, a CaP coating was deposited in 45 min using
200 W and an Ar pressure of 7.0 × 10−3 mbar. The reason for not rotating the substrate
holder during the intial coating deposition is to avoid an additional bombardment by neg-
atively charged O ions from the target (chapter 7 and 8), which may interfere with the
effect from the ion beam pretreatment. Subsequently, the coating deposition was contin-
ued with a rotating substrate holder for 15 hours, at an Ar pressure of 2.0 × 10−3 mbar
and a power of 200 W. For comparison, a CaP coating was deposited for 15 hours with a
rotating substrate holder from the start of the deposition process.
XPS interface characterization
Secondly, to study the formation of chemical bonds between CaP and PE, a series of
depositions was performed at 5.0 × 10−3 mbar and 200 W. The deposition time was
varied between 12 sec and 60 minutes. The PE substrates were either rotated or mounted
statically at the  position (figure 2.1) during the deposition. XPS was used to determine
the presence or absence of C–O bonds between the PE substrates and the CaP coating.
The curve fitting procedure that was used to distinguish between C–C and C–O bonds in
the C(1s) XPS peak was described in chapter 4.2.2.
9.3 Result
Tensile adhesion test
The results for the tensile tests of ∼ 70 nm CaP on PE and PTFE are given in figure 9.1.
In addition to the tensile strengths of the coated samples, the strength of the epoxy is also
given. No significant difference was found, by using a t-test, between the adhesion of
the untreated and the plasma pretreated PE. Also, no significant difference was observed
in the case of untreated and plasma pretreated PTFE. We noticed that for PE, the system
always separated at the smooth side of the PE.
After testing, the samples were analyzed by SEM. EDX was performed on both sides
of the separation. A large spot was used for the EDX measurement (several 100µm), to
obtain an average of the surface. Typical examples of EDX spectra of both sides for CaP
coated untreated PE are given in figure 9.2. The side that was removed from the PE bulk
gave peaks that are attributed to C, Al, Si, K, and some Ca, P, and O. The C is due to
evaporated C that was used for charge compensation in the SEM. The Al, Si, and K are
the constituents of the epoxy that was used. The weak Ca, P, and O signal originates
from the coating that was partially removed from the substrate. The EDX that was made
on the side that contained the PE bulk is similar. However, a more intense signal from the
CaP coating was observed and also a signal from the epoxy was found. This means that
most of the coating was still on the PE substrate and pieces of the epoxy were partially
covering the CaP coating. The EDX spectra were comparable for all tensile adhesion
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Figure 9.1: The adhesion strength of CaP on plasma pretreated (pl) and untreated (un)
PE and PTFE, and the strength of the epoxy that was used. The standard deviation of the
mean is also given for each group.
Figure 9.2: The EDX spectra at the two sides of the fracture in the case of the untreated
PE substrate.
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Figure 9.3: The EDX spectra at the two sides of the fracture in the case of the untreated
PTFE substrate.
fracture specimens of CaP coated PE. No difference between the untreated and plasma
pretreated results was found.
Examples of the EDX spectra after separating the untreated PTFE are given in figure
9.3. The side that contained the PTFE showed C and F only, the constituents of the
PTFE. This proves that the CaP coating was completely removed during the adhesion
measurement. The other pull rod gave signals for Ca, P, and O (the removed coating)
and for Al, Si, and K (the epoxy). Also, a large signal is observed at the position for F.
This means that the removal of the coating did not occur at the coating/PTFE interface.
Instead, a fracture within the PTFE must have occurred, which completely removed the
coating together with a layer of PTFE.
Elongation adhesion test
Figure 9.4 shows the results of the elongation adhesion test. The left column shows the
results for the smooth PE, while the right column shows the results for the rough PE. The
elongation direction was horizontal in the figure. (A) shows the as deposited material.
The two lines that were drawn on the samples had a separation of 10 mm. After the
testing, the plastic deformation that remains is clearly visible (larger separation between
the markers and a narrowing of the central part of the substrate) (B). The coating was still
attached. After the test, an attempt was made to remove the coating by using Scotch tape.
This was not successful (C). No difference in behavior could be observed between the
untreated and plasma pretreated PE. In the case of PTFE (not shown), the coating failed.
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Figure 9.4: The left column shows CaP on smooth PE, the right column shows CaP on
rough PE. (A) was the situation before elongation. The separation between the drawn
vertical lines was 1 cm. (B) was the result after elongation. (C) was the result after
elongation and a Scotch tape test. The ‘half-moon’ shaped features on the top long edge
are uncovered area, resulting from a clamp during CaP coating deposition.
After elongation of the sample, the coating (including the Al) delaminated spontaneously.
Figure 9.5 shows SEM images of a CaP coated PE substrate (smooth side) that was
elongated. This sample did not contain an Al top layer. Figure 9.5A shows a large
region of the sample. The elongation was horizontal in this figure. Cracks can clearly
be distinguished, but no signs of coating delamination are visible. Figure 9.5B shows
a detailed scan of the surface. The cracks between the pieces of coating are vertical
(perpendicular to the elongation direction).
Ion bombardment
Figure 9.6A shows an optical microscopy image of the PE after coating deposition, when
the substrate was initially mounted at the  position (figure 2.1). The coating showed
poor adhesion, because flakes of coating can clearly be distinguished (two of them are
pointed out by arrows), and the bright spots in the image are pieces of CaP coating that
protrude upwards (two are encircled). This CaP coating could easily be removed. After
a pretreatment of 5×1014 ions/cm2, the islands of the coating were no longer visible, a
closed layer of CaP was formed again (figure 9.6B). However, still pieces of CaP coating
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Figure 9.5: SEM images of a CaP coating on PE after elongation in the horizontal direc-
tion. (A) shows a large area which shows no signs of delamination of the coating. (B)
shows a higher magnification.
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Figure 9.6: Optical images (0.72 × 0.58 cm2) of CaP on PE, in the case of (A) no
pretreatment, (B) a pretreatment by 5×1014 ions/cm2, and (C) a pretreatment by 5×1015
ions/cm2. The arrows point to flakes of coating, while the encircled bright features are
pieces of CaP coating protruding upwards.
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Figure 9.7: The C–O/C–C ratio as a function of the CaP coating thickness for CaP that
was deposited using a rotating substrate holder and a static substrate holder (with the PE
substrate mounted at the  position in figure 2.1).
pointed upwards. After a dose of 5×1015 ions/cm2, a smooth and homogeneous surface
was again visible. The adhesion of the CaP coating was restored, as compared to a
rotating deposition. By going to an even higher number of ions (5×1016 ions/cm2, not
shown), a similar appearance was observed.
XPS interface characterization
Figure 9.7 shows the number of C–O bonds (expressed relative to the number of C–C
bonds) that are present in the interfacial region of CaP on PE. For the uncoated PE, the
C–O/C–C ratio is low (as is expected for a no O containing polymer). For the series of
CaP that were deposited using a rotating substrate holder, the C–O/C–C ratio immedi-
ately increased upon CaP deposition. For increasing coating thickness, the ratio gradu-
ally decreased, as the interfacial region went beyond the probing depth of XPS. For CaP
deposited on statically mounted PE substrates ( position in figure 2.1), the C–O/C–C
ratios were, initially, much lower than in the case of a rotating deposition. With increas-
ing coating thickness, there was a small increase in the C–O/C–C ratio. For coating
thicknesses higher than 5 nm no differences between the static and rotating deposition
conditions were observed.
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9.4 Discussion
The variation in the measured adhesion strength was fairly large, as was shown by the
large errors in figure 9.1. As a result, no statistical difference was found between the
plasma pretreated and untreated PE, even though we previously found that the plasma
pretreatment strongly alters the surface (chapters 4 and 5). Although the standard de-
viation in the adhesion strength values is fairly large, the locus of failure was constant,
i.e. the epoxy. Therefore, the measured adhesion value can be considered as the lower
limit for the actual adhesion. Surprisingly, the strength of the epoxy itself was fairly high
(15.1 MPa). The reason why the epoxy failed at lower values in the case of the CaP on
PE adhesion test is due to shear forces that were present during the testing, as a result of
the bending of the PE substrate.
On PTFE, the situation was different. The complete CaP coating was removed. How-
ever, a strong F signal was observed in the removed material. We know from previous
research that CaF2-like material forms at the CaP-PTFE interface (chapters 4 and 8).
However, from measuring pure CaF2 powder, we know that EDX is more sensitive for
Ca than for F. From the fact that the F peak is much larger than the Ca peak, we know that
this F cannot be attributed to the small amount of F in the CaP coating alone. Therefore,
we conclude that cohesive failure occurred within the PTFE during adhesion testing. No
difference in behavior was found between the untreated and the plasma pretreated PTFE.
The adhesion study in which the substrates were elongated in one direction gave
comparable results. On PTFE, the CaP coating detached during the elongation process.
Likely, again cohesive failure occurred within the PTFE. The adhesion of CaP on PE was
again found to be good. Regardless of whether the material was plasma pretreated or not,
or whether the rough or the smooth side of the PE was tested, the coating remained on
the substrate. This could be verified visually for the samples that received a thin layer
of Al prior to testing and by using SEM for the samples that did not receive Al. After
the test, the coating could still not be removed by using Scotch tape. This suggests very
good adhesion of CaP to PE. SEM images revealed that the CaP coating fractured during
the elongation process. This is not surprising as the CaP coating, being a ceramic, is
brittle and not able to stretch. In addition to the tensile force in the horizontal direction
(figure 9.5), compressive forces were also present in the coating, due to the narrowing of
the central part of the substrates (clearly visible in figure 9.4). The horizontal bright fea-
tures in the SEM image (figure 9.5B) suggest that material is pushed upwards due to the
compressive force. However, optical images revealed that this does not occur. The bright
horizontal features in the SEM image are merely the result of increased secondary elec-
tron emission, which depends on the relative orientation of the imaged features, detector,
and electron beam.
An important question is why the adhesion of CaP to PE is so good. In chapters 7 and
8, we concluded that energetic negatively charged O ions are bombarding the substrates
during the coating deposition process. The damage that is made by the bombardment
enables the formation of chemical bonds between the substrate and the coating (chapters
Adhesion of CaP coatings on polymeric substrates I 127
4 and 5). Because the O ions are traveling almost perpendicular to the sputter target,
resulting from acceleration by the plasma sheath (chapters 6 and 7), the region where
the bombardment of the substrates occurs is limited to the dotted area in figure 2.1, i.e.,
just above the CaP target. The effect of the absence of this bombardment was verified by
growing the interface while the substrate was mounted at the  position in figure 2.1. Af-
ter 45 minutes, the deposition was continued for 15 h, using a rotating substrate holder.
The CaP coating showed poor adhesion, because CaP islands were visible (figure 9.6A),
and pieces of the CaP coating were protruding upwards. It is well known that an ion
beam pretreatment can increase adhesion, resulting from the creation of reactive sites on
the polymeric surface [60, 61, 66]. Indeed, we already observed a better adhesion after a
pretreatment by 5×1014 ions/cm2 Ar ions, even though pieces of CaP were still pointing
out of the coating. By increasing the dose to 5×1015 ions/cm2 or 5×1016 ions/cm2, a
smooth coating appearance was obtained, similar to that when the coating was deposited
using a rotating substrate holder from the beginning. The dose that we needed to re-
store adhesion is typical for obtaining adhesion on polymeric substrates [64,65,70,180].
This proves that when the coating is deposited using a rotating substrate holder from the
beginning, adhesion is ‘automatically’ achieved due to the O bombardment. This also
explains why no observable difference was found in the adhesion behavior of untreated
and plasma pretreated material. The effect of the plasma pretreatment is ‘reset’ by the O
bombardment during coating deposition.
Previously, we found the formation of a large number of C–O bonds between the PE
and the CaP coating (chapter 5), similar to the closed symbols in figure 9.7. Figure 9.7
shows that the number of C–O bonds (normalized to the number of C–C bonds) is much
lower when O bombardment is absent. For thicker CaP coatings, the apparent C–O/C–C
ratio increased in the case of static deposition. This is caused by a systematic error in the
fitting procedure, which becomes more prominent when the C signal from the substrate
becomes weaker. This occurs for larger coating thicknesses, due to the limited probing
depth of XPS. The reduced number of C–O bonds that form across the interface is a
plausible explanation for the lack of adhesion after a deposition in which the interface is
grown without the O bombardment from the target.
The relatively low degree of adhesion on PTFE has yet to be discussed. For a thin
CaP coating, adhesion was still relatively good for an inert polymer such as PTFE (on av-
erage ∼ 5 MPa). The locus of failure was shown to be cohesive failure within the PTFE.
Interestingly, when the CaP coating was made thicker by extending the deposition time,
the CaP coating detached spontaneously (data not shown). Although this delamination
can be explained by stress build-up at the CaP-PTFE interface, the fact that cohesive
failure occurs below the interface suggests another reason. We found that our CaP coa-
tings transmit UV light with wavelengths down to 200 nm (figure 11.2 in chapter 11).
In principle, light with a wavelength of 264 nm is able to break the strong C–F bond,
which has a strength of 4.7 eV (452 kJ/mol) [140]. This means that PTFE can be de-
graded by UV light that is emitted from the plasma. During prolonged depositions, the
coatings delaminates spontaneously, including some of the UV damaged polymer (data
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not shown). Previously, we have shown that F escape continues during the coating de-
position process, as a result of UV light from the plasma (chapter 8). Others also found
strong defluorination of PTFE as a result of UV exposure [44, 47, 178, 179].
An important question is why this delamination does not occur in the case of PE
when thick coatings are applied. This can be due to the fact that PE is able to form a
strong cross-linked network upon UV irradiation, instead of becoming a low molecular
weight material, as does PTFE. The crosslinking behavior of PE, both due to UV light
and/or bombardment by energetic particles, is well known [41,181]. The vulnerability of
PTFE for chain scission and the disability to form a cross linked network was also noted
before [41, 182].
9.5 Conclusions
We studied the adhesion of CaP coatings on PE and PTFE. No significant difference
was found for untreated or plasma pretreated material. The adhesion on PE was proven
to be good, while for PTFE, cohesive failure occurred in the PTFE. We showed that
the good adhesion to PE is ‘automatically’ obtained during depositions with a rotating
substrate holder, as a result of O ion bombardment from the target. In the absence of
this bombardment, spontaneous coating delamination occurred. However, adhesion was
restored by applying an Ar ion pretreatment, prior to coating deposition. The presence
or absence of adhesion correlates with the presence or absence of C–O bonds between
the coating and the substrate. Finally, the reason why the PTFE showed cohesive failure
during adhesion testing, was suggested to be the result of UV light induced damage in
the polymer.
CHAPTER 10
Adhesion of CaP coatings on polymeric substrates II
10.1 Introduction
In chapter 9, we studied the adhesion of CaP coatings on PE and PTFE. We noticed that
certain processes that occur during the deposition of the coating, strongly influence the
adhesion, e.g., the bombardment of the substrates by negatively charged O ions from the
sputter target or exposure to UV light. The purpose of this chapter was to evaluate the
adhesion of CaP coatings on PE, PS, PTFE, PLLA, and PDMS, deposited using a variety
of pretreatments and interlayers. By performing scratch adhesion, tensile, and bend tests,
we qualified and compared the degree of adhesion of the different samples. We tried to
explain the observed adhesion, based on the properties of the polymeric substrates and
on phenomena occurring during the deposition process.
10.2 Experimental
10.2.1 Pretreatments and coating deposition
CaP coatings were deposited on PE, PS, PTFE, PLLA, and PDMS in six different ways
(see table 10.1). These ways will be further denoted as ‘ROT’, ‘STAT1’, ‘STAT2’, ‘TI’,
‘O-PLASMA’, and ‘ION GUN’. The ROT samples received a CaP coating on a rotat-
ing substrate holder. The power during deposition was 150 W, the Ar pressure was
2.0 × 10−3 mbar, and the deposition time was 18 h (table 10.1), which resulted in a
CaP coating of ∼ 1µm, as measured by RBS. The STAT1 samples first received a CaP
interlayer that was statically deposited at the  position (figure 2.1). This is to avoid
the bombardment by O ions from the sputter target (dotted area in figure 2.1) during the
formation of the interface (chapters 7 and 9). This interlayer was deposited for 45 min,
with a power of 150 W, and an Ar pressure of 7.0 × 10−3 mbar, resulting in a layer with
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Designation Pretreatment Interlayer CaP coating
ROT – – 18 hours rot.
STAT1 – 45 min CaP stat.  18 hours rot.
STAT2 – 15 min CaP stat. × 18 hours rot.
TI – 5 min Ti rot. 18 hours rot.
O-PLASMA O2 plasma 45 min CaP stat.  18 hours rot.
ION GUN 500 eV Ar+ 45 min CaP stat.  18 hours rot.
Table 10.1: The different series that were made for each polymer.
a thickness of ∼ 35 nm. The STAT2 series also received a CaP interlayer, but the sample
was statically mounted above the sputter target (× in figure 2.1) to be subjected to an
intense O ion bombardment during the formation of the interface. The sample was kept
at the × position for 15 min, with a deposition power of 150 W and an Ar pressure of
2.0 × 10−3 mbar, resulting in an interlayer of ∼ 25 nm thickness. Thereafter, the depo-
sition was continued as for ROT. The TI samples received a Ti interlayer from a pure Ti
target, deposited using a rotating substrate holder. The deposition time was 5 min, the
RF power 200 W, and the Ar pressure was 5.0 × 10−3 mbar. This resulted in a ∼ 50 nm
thick Ti interlayer. Thereafter, the deposition was continued as for ROT. O-PLASMA was
identical to STAT1, except that an O plasma pretreatment was carried out prior to CaP
interlayer deposition. The O plasma pretreatment was given in the deposition system,
by RF powering the substrate holder. A power of 200 W was used for 30 s, with a ro-
tating substrate holder, and an O2 pressure of 2.0 × 10−3 mbar. After the pretreatment,
the substrates were left in the O2 for 20 min, to ensure complete reaction of the plasma
modified surface with the O2. Then, the samples were put statically at the  position and
the next depositions were performed in Ar, identical to the STAT1 depositions. Finally,
the ION GUN samples were identical to the O-PLASMA ones, except that the pretreatment
was given statically at the  position using the Kaufmann ion source (chapter 2.2). The
source was operated in 1.8 × 10−3 mbar Ar and at a power of 50 W. The ions were ac-
celerated by the extraction grid to 500 eV and the pretreatment time was 60 min, which
led to an ion dose of ∼ 1.5 × 1016 ions/cm2, a dose which is typical for an ion beam
pretreatment [64,65,70,183] and which gave adhesion improvement previously (chapter
9).
For the tensile test, only PE, PS, and PTFE substrates (30×30 mm2) were used, and
only the ROT and the TI series were made. The Ti interlayer was deposited as described
before. A CaP coating of thickness ∼ 300 nm was deposited, using a power of 200 W
and an Ar pressure of 5.0 × 10−3 mbar.
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10.2.2 Adhesion tests
Scratch test
Experimental details on the scratch test were given in chapter 2.4.3. Several scratches
were made on one sample, which makes a small number of samples per group sufficient.
This was allowed, as the largest variation in the measured adhesion values is usually
introduced by the adhesion test method itself, as opposed to a large sample-to-sample
variation in, for example, the interfacial structure. During the scratch test, the maximum
force was increased in 10 steps to 100 mN for the ball stylus, and to 10 mN for the 90◦
stylus and the scratch diamond. The scratch length for the ball stylus was 2 mm and for
the other stylii 0.2 mm. On every sample, at least two scratches were made with each
stylus. After testing, the scratched regions were analyzed by SEM.
Pilot studies showed that on the PDMS, always a large number of cracks were visible
in the CaP coating, due to the high flexibility of the substrate. This, in combination with
the strong elastic recovery of the PDMS after scratch testing, made it almost impossible
to find the scratches. Therefore, the PDMS samples were excluded from the scratch
testing.
Tensile test
In this chapter, the tensile test was used in which only one interface was tested (chapter
2.4.1 and figure 2.6B). After testing, the locus of failure was found using SEM. The
PDMS substrates were not suitable for tensile testing, because of their high flexibility.
180◦ bend test
Because the scratch and the tensile test were not suitable for adhesion testing on PDMS,
a 180◦ bend test was used for the CaP coated PDMS instead (chapter 2.4.4). The bend-
ing radius was small (< 100 µm). The bent region was studied by SEM for coating
delamination.
10.3 Results
First, we give some selected results, to illustrate what kind of information can be ex-
tracted from the scratch profiles and the SEM images. Thereafter, combining the results
with those of the tensile and the bend tests, an overview of the relative degree of adhe-
sion will be given for the 30 different samples. Some additional observations, which gave
more insight into the adhesion phenomena, will be presented in the discussion section.
10.3.1 Scratch test
Figure 10.1 shows an example of the scratch test profiles for PE. The ball stylus was used.
132 Chapter 10
Figure 10.1: Scratch profiles for several CaP coatings on PE. The ball stylus was used.
The solid line is the first, the dashed line is the second, and the dotted line is the third
scan.
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The solid line gives the first, the dashed line gives the second, and the dotted line gives
the third scan. Based on these profiles, an approximate ranking of adhesion can already
be made. For example, the first and the third profiles of STAT2 almost coincide. The
small difference was due to plastic deformation of the PE. On the O-PLASMA sample,
the third profile was higher than the first on the second half of the scratch, which indicates
coating delamination. So, the adhesion on STAT2 was better than on O-PLASMA. Based
on figure 10.1, the adhesion on ROT, STAT2, and ION GUN, was better than that on STAT1,
TI, and O-PLASMA.
Figure 10.2 shows the scratch adhesion test on CaP on PTFE (ROT and TI), for which
the scratch diamond was used. Because of the sharpness of the scratch diamond (figure
2.7CD in chapter 2), the stylus always went through the CaP coating. The ROT showed
very poor adhesion, as is obvious from the strong delamination around the scratch. The
TI showed much better adhesion, as the width of the track is limited to the size of the
stylus.
Figure 10.3 shows all scratches for CaP on PE, as made by the scratch diamond.
Similar to the case of PTFE, the scratch diamond also went through the CaP coating.
The highest delamination was visible for O-PLASMA, as almost no coating was present
around the scratch anymore. The STAT1 also showed severe delamination. ION GUN
showed some delamination, while ROT, STAT2, and TI showed better adhesion, as is
clear from the limited amount of delamination around the scratch.
Figure 10.4 shows scratches on CaP on PLLA, as made by the scratch diamond. For
this polymer, the differences were not very large. All samples showed good adhesion,
except for O-PLASMA, because more delamination around the scratch was observed,
compared to the others.
10.3.2 Tensile test
The adhesion strengths of CaP on PS ROT and TI are given in figure 10.5. No significant
difference in strength was found between PS ROT and PS TI. Visual observation showed
that the locus of failure was within the PS for both PS ROT and PS TI. No significant
difference was found in the measured adhesion strength between PTFE ROT and PTFE
TI, although the CaP coating was completely removed for PTFE ROT, while some pieces
of epoxy were still present on PTFE TI. In the case of PE, the Ti interlayer caused
a significantly lower adhesion strength, as compared to ROT. SEM/EDX observation
showed that for TI the locus of failure was at the PE–Ti interface, while for ROT, the
locus of failure was within the epoxy. The measured strength for the PE ROT has to be
considered a lower limit: although the epoxy had a tensile strength of 15.1 ± 1.1 MPa
(figure 9.1 in chapter 9), it failed at lower strengths, ∼ 2.0 MPa, because it could not deal
with the shear forces that resulted from the bending of the flexible substrate.
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Figure 10.2: Scratch tests on CaP on PTFE (ROT and TI). The scratch diamond was
used.
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Figure 10.3: 0.2 mm scratches on CaP on PE. The scratch diamond was used.
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Figure 10.4: 0.2 mm scratches on CaP on PLLA. The scratch diamond was used.
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Figure 10.5: The adhesion strength (in MPa), as measured by the tensile test. The stan-
dard deviations from the mean are also indicated.
10.3.3 180◦ bend test
The bent regions of the six PDMS samples were studied by SEM. Although cracked,
the complete coating was usually still attached in the bent regions, e.g., PDMS STAT1
in figure 10.6A. PDMS STAT2 was an exception, as large parts of the coating detached
during bending (figure 10.6B).
For each polymer, the relative degree of adhesion was estimated for the six different
treatments. For this, the results of the scratch test, the tensile test, and the 180◦ bend test
(in case of PDMS) were used. The results are summarized in table 10.2. The numbers
give an indication of the degree of adhesion on a certain polymer. Lower numbers cor-
respond to a better adhesion. The numbers do not represent an absolute scale, they are
Designation PE PS PTFE PLLA PDMS
ROT 1 1 2 1 1
STAT1 4 2 3 1 1
STAT2 1 1 2 1 2
TI 2 1 1 1 1
O-PLASMA 5 3 3 2 1
ION GUN 3 2 3 1 1
Table 10.2: The relative degree of adhesion for the different polymers. A lower number
corresponds to a better adhesion.
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Figure 10.6: CaP on PDMS after the 180◦ bending test. (A) is PDMS STAT1, (B) is
PDMS STAT2
only meant for comparing the effects of the six treatments on one polymer. Therefore,
numbers for one polymer should not directly be compared to the numbers for another
polymer.
10.4 Discussion
10.4.1 PE
On PE, the best adhesion was found for ROT and STAT2 (table 10.2, figure 10.1, and
figure 10.3). Although the scratch for the TI sample in figure 10.3 also indicated good
adhesion, we classified the adhesion lower for two reasons. First, the scratch test with
the ball stylus (figure 10.1) indicated the presence of some detachment of the coating.
Moreover, the tensile test showed a lower adhesion for TI than for ROT. In fact, in the
tensile test, the CaP-PE interface of the PE TI failed, while the locus of failure of the PE
ROT was in the epoxy.
The reason for the good adhesion of PE ROT and PE STAT2 was the bombardment by
negatively charged O from the sputter target (dotted region in figure 2.1), which caused
the formation of C–O bonds between the PE and the CaP (chapter 5). The PE STAT1 did
not receive this bombardment during the formation of the interface, which ultimately led
to poor adhesion. Part of the adhesion was restored by using a pretreatment by Ar ions
(PE ION GUN). The Ar ions activated the surface, which made the chemical bonding of
CaP to the PE possible (chapter 9). The increase in adhesion was not very obvious from
figure 10.3 (delamination around the scratch is visible), but the 90◦ stylus (not shown)
and the ball stylus (figure 10.1) showed a better adhesion of PE ION GUN, compared to
PE STAT1. Nevertheless, the ion gun pretreatment did not give a comparable adhesion
to ROT or STAT2. By far the worst adhesion on PE was observed for the O-PLASMA.
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Figure 10.7: (A) optical image of a PS TI substrate. (B) schematic drawing of the optical
image. The approximate positions of the double sided adhesive tape that was used to
mount the back-side of the PS to the substrate holder is indicated.
Although the plasma pretreatment gave a strong modification of the PE (chapter 5), a
strong reduction in adhesion was observed. Perhaps, the O bombardment was too severe,
thereby damaging the polymer, instead of only activating it.
10.4.2 PS
The results on PS are comparable to those on PE (table 10.2). ROT, STAT2, and TI
gave the best adhesion. The good adhesion in PS ROT and PS STAT2 can be understood
from the formation of C–O bonds during the formation of the interface (chapter 4). The
tensile test resulted in a failure within the PS, for both ROT and TI. Therefore, it is not
clear which of the two gave better adhesion. The adhesion of STAT1 and ION GUN was
significantly lower. The worst adhesion was observed on O-PLASMA, again probably
resulting from an overtreatment of the polymeric surface.
An additional observation was that the degree of adhesion was very nonuniform
in case of large 30 × 30 mm2 PS substrates. Figure 10.7B gives a schematic drawing
of the optical microscopy image (figure 10.7A) of an as-prepared PS TI sample. The
bright horizontal line is the delaminated region, while good adhesion is obtained towards
the sides. During deposition, the PS substrate was mounted to the water-cooled substrate
holder by two pieces of double-sided adhesive tape. Interestingly, the delaminated region
was parallel to the tracks of the tape. Therefore, we hypothesize that the lateral variation
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Figure 10.8: Tilted SEM image of the scratch in PTFE ROT, as made by a scratch dia-
mond. The white and black dashes in the enlargement are 1µm each.
in heat conduction played an important role in the adhesion. The delamination of the
central part of the PS may be the result of reaching the glass transition temperature of
PS (typically 80 − 100◦C [184, 185]). The increased mobility of the PS chains then led
to the loss of adhesion. This observation made clear that the substrate temperature may
also play a critical role in the (loss of) adhesion. The other polymers did not show this
strong temperature dependence.
10.4.3 PTFE
Three of the PTFE samples, STAT1, O-PLASMA, and ION GUN showed extremely poor
adhesion, as the CaP partially delaminated during the deposition process. The PTFE
ROT also showed poor adhesion, as is clear from figure 10.2. PTFE STAT2 (not shown)
appeared similar to PTFE ROT. Figure 10.8 shows a tilted SEM image of a scratch on
PTFE ROT, using the scratch diamond. The CaP coating is clearly detached from the
substrate. The white and black bars in the enlargement are 1 µm each. The CaP coating
was ∼ 1 µm, while the detached material had a total thickness of ∼ 4 µm. Therefore,
it is clear that cohesive failure occurred within the PTFE. This is also supported by the
different structures in the detached material: the CaP coating appeared more compact
than the thread-like structure of the PTFE. In chapter 9 we found that cohesive failure
in the PTFE also occurred during tensile testing. We assumed this to be the result of
Adhesion of CaP coatings on polymeric substrates II 141
UV-light induced damage of the PTFE. The CaP coating is optically transparent down
to 200 nm (figure 11.2 in chapter 11), and PTFE therefore continuously degraded during
deposition of the CaP coating by UV-light emitted from the plasma.
The reason why PTFE TI showed better adhesion (figure 10.2), is that the Ti protects
the PTFE from the UV-light induced degradation. Nevertheless, the tensile test was still
able to remove most of the CaP coating, including the Ti interlayer. It is important to
realize that no effort was made to optimize the strength of the Ti-PTFE interface.
10.4.4 PLLA
As shown in figure 10.4, most PLLA samples showed good adhesion. Even the STAT1
sample, which did not receive a pretreatment nor the ‘automatic’ O bombardment from
the sputter target, did not show coating delamination. The reason that good adhesion was
easily obtained may be the fact that PLLA is an O containing polymer, on which it is
easier to establish a strong interface than on more inert polymers, like PE, PS, or PTFE.
The only exception that did not show good adhesion was PLLA O-PLASMA. Similar to
PE and PS, the O plasma was also too severe for the PLLA, causing damage, e.g. by the
formation of a weak surface layer of LMW PLLA.
10.4.5 PDMS
All PDMS samples resisted the strong bending, except PDMS STAT2 on which delam-
ination occurred in the bent region (figure 10.6B). The reason why good adhesion was
even obtained on PDMS STAT1 (figure 10.6A), may again be explained by PDMS being
an O containing polymer, making it easier to obtain a strong interface.
SEM analysis revealed a wave-like corrugation (figure 10.9) on the STAT2 material
(outside the bent region), which was much stronger than on the other PDMS samples.
Such a pattern was also observed by Bodo¨ et al. [59]. They attributed such pattern to the
shrinkage of the PDMS, resulting from the cross-linking of the material. Cross-linking
may occur due to a pretreatment, or by exposure to (plasma emitted) UV-light. Another
explanation for the wave-like structure could be the presence of stress at the interface.
Maybe, the surface structure of the PDMS STAT2 is strongly altered during the 15 min
at the × position (figure 2.1), which induced high degree of cross-linking and/or the
build-up of stress at the interface, ultimately leading to poor adhesion. In contrast to the
other polymers, PDMS O-PLASMA did not show poor adhesion. From chapter 5, we
know that an O plasma pretreatment of PDMS gives a cross-linked, SiO2-like structure.
Maybe, the formation of a network, instead of becoming LMW material as was the case
for the carbon-based polymers, prevented the loss of adhesion in case of PDMS.
From the comparison of the five polymers, it is clear that they have their own pecu-
liarities with respect to adhesion. It is important to realize that the work presented here
was only an exploration of different treatments. None of them was optimized yet. A
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Figure 10.9: SEM image of a wave-like pattern on PDMS STAT2 (outside the bent re-
gion).
careful optimization of these pretreatments may result in better adhesion. Further, the
effect of the Ti interlayer was examined, but the strength of the polymer-Ti interface was
not optimized. This shifts the problem from the CaP-polymer to the polymer-Ti inter-
face. In this respect, it is good to note that Bodo¨ et al. showed that a strong adhesion of
Ti on PE of ∼ 20 MPa could be obtained [59].
The reason why the adhesion often was best for the ROT or STAT2 series can be
attributed to the previously mentioned O bombardment from the sputter target. It is pos-
sible that the simultaneous modification and formation of the interface, as is the case for
the ROT and the STAT2 series, was responsible for the good adhesion, as compared to the
ION GUN series, where the pretreatment and formation of the interface were performed
consecutively. In particular, the ion bombardment during deposition may result in a more
gradual interface, thereby increasing the adhesion between coating and substrate.
10.5 Conclusions
We studied the adhesion of CaP coatings on PE, PS, PTFE, PLLA, and PDMS. For
PE and PS, good adhesion was found for the substrates that were bombarded from O
ions that escaped from the sputter target during coating deposition. The absence of this
‘automatic’ pretreatment caused poor adhesion. The adhesion could partially be restored
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by pretreating the substrates with Ar ions. On PLLA and PDMS, good adhesion was
also obtained in the absence of O bombardment from the target, because these are O
containing polymers, on which it is easier to form chemical bonds between the coating
and the substrate.
An O plasma pretreatment lowered the adhesion of CaP on PE, PS, and PLLA, likely
due to overtreatment of the polymer. PDMS did not show this reduction in adhesion,
most likely because the polymer forms cross-links upon pretreatment, instead of forming
weak LMW material on the surface.
An interlayer of Ti can also be used for obtaining adhesion, although in the case of
PE, the PE-Ti interface was weaker than the PE-CaP interface. The Ti interlayer was
crucial for obtaining adhesion on PTFE. It prevented damage of the PTFE due to UV
light emitted from the plasma. Cohesive failure within the PTFE was thereby avoided.
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Laser induced crystallization of CaP coatings on PE
11.1 Introduction
As was stated in chapter 1.1.3, besides good coating adhesion (the topic of chapters 9 and
10), also coating crystallinity is required to avoid rapid coating dissolution. In chapter
1.2.1, it was mentioned that typically 400 − 600◦C is required to transform a coating
from an amorphous to a (partially) crystalline one. Unfortunately, these temperatures are
too high for polymers. Nevertheless, Hontsu et al. [15,43] investigated the crystallization
of CaP coatings on polymeric substrates (PTFE, PI, PDMS, and PET), by performing a
long anneal (10 hours) just below the melting temperature of the substrates. On PTFE
and PI, partially crystalline coatings were obtained by annealing at 320◦C and 360◦C
respectively. However, on PDMS and PET, the CaP coating remained amorphous, after
an anneal at 240◦C and 260◦C, respectively.
It is evident that an annealing procedure has strong disadvantages in the case of
polymeric substrates. Besides the strong difference in thermal expansion (which easily
causes delamination [15]), the major problem is that only high temperature resisting
polymers can be used. Therefore, the aim of the work in this chapter was to investigate
laser crystallization instead of an annealing procedure, in order to make a wider range of
polymeric substrates possible.
Laser induced crystallization is a method that has been proven to be applicable for
the crystallization of amorphous silicon [186–189]. Although the coating becomes very
hot during the laser pulses, the substrate remains relatively cold. This makes the crystal-
lization of coatings on polymeric substrates possible, as was for example shown by Smith
et al. [186], who crystallized Si on PET. Besides Si, also other materials, like indium-tin
oxide [190], and TiO2, Nb2O5, Ta2O5, and SrTiO3 [191] were successfully crystallized
using a laser. For the crystallization of thin films on temperature-sensitive materials, the
radiation should be fully absorbed by the coating in order to avoid excess heating of the
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substrate. Therefore, short wavelengths are needed, as for example delivered by pulsed
excimer lasers.
In this chapter, we show how to laser crystallize CaP coatings on PE. The coatings
are deposited using RF magnetron sputter deposition, but we suppose that the results can
also be used for CaP coatings that are made by other deposition techniques.
11.2 Experimental
11.2.1 Coating deposition and analysis
PE was used as substrate. For the deposition, the plasma sprayed HA target was used and
the substrate holder was rotated during the deposition process. The deposition time was
3.5 hours, the power was 200 W, and the Ar pressure was 5.0×10−3 mbar. The resulting
Ca/P ratio amounted to ∼ 1.6 and the coating thickness was ∼ 250 nm, as determined
by RBS.
To determine the optical absorption of the CaP coating, the optical transmission
of uncoated sapphire (Single Crystal Technology, The Netherlands) and sapphire with
∼ 1 µm CaP coating was measured. For this, a UV-VIS spectrophotometer (UVIKON
923) was used, between 190 and 900 nm.
11.2.2 Laser annealing
The Lambda Physik LPF-220 fluorine laser of the Fraunhofer Institute for Laser Tech-
nology (Aachen, Germany) was used to irradiate the CaP coatings on PE. The sample
was scanned in a meandering way through the laser beam (figure 11.1). The setup had
a beam size Sx × Sy (figure 11.1) between 280 × 280 µm2 and 500 × 500 µm2. The
20 ns laser pulses were fired at a rate of 50 Hz. The separation between the laser spots
(dy) amounted to Sy/10. The horizontal distance between the tracks (dx in figure 11.1)
was Sx/10, which resulted in 100 laser pulses on every irradiated part of the sample. The
overlap in pulses ensured a homogeneous treatment across the material. Areas between
3×3 mm2 and 10×10 mm2 were irradiated. The energy per pulse was varied between 6
and 1000 mJ/cm2 by changing the laser output or the focus. The irradiated samples were
analyzed by XRD, RBS, and SEM.
11.2.3 Temperature calculation
The temperature in the coating due to a laser pulse was calculated by solving the heat
equation [192, 193]:
∂T (x, t)
∂t
= κ ∂
2T (x, t)
∂x2
(11.1)
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Figure 11.1: The meandering track that was used for the laser irradiation experiment. The
dots indicate the centers of the successive laser spots, while the dotted squares (Sx × Sy)
indicate the spot size.
In this equation, T is temperature, t is time, x is position, and κ is the thermal diffusivity,
which is defined as
κ = k
ρC p
. (11.2)
In this equation, k is the heat conductivity, C p is the heat capacity, and ρ is the density.
Numerical values for PE and HA are given in table 11.1. Because of unavailability of
HA PE
k (W·m·−1·K−1) 1.26 [194] 0.44 [185]
ρ (kg·m−3) 3160 [122] 941–965 [195]
C p (J·kg·−1·K−1) 772.9 [196] 2310 [185]
κ (m2·s−1) 5.2 × 10−7 2.0 × 10−7
Table 11.1: Numerical values for parameters of HA and PE.
values for amorphous CaP, values for HA were used instead. The boundary conditions
for the calculations were:
−k ∂T
∂x
(0, t) =
{
 t ≤ tl
0 t > tl (11.3)
T (∞, t) = T0. (11.4)
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Figure 11.2: The optical transmission of CaP coated and uncoated sapphire. The wave-
lengths of different excimer laser are also indicated.
x = 0 corresponds to the surface of the material,  is the energy of the pulse per unit of
time, T0 is room temperature (298 K), and tl is the duration of the laser puls (20 ns). The
first condition imposes a heat flow through the surface when the laser is on, and no heat
exchange when the laser is off. This assumption is allowed, as most of the laser light
energy will be absorbed in the near-surface region, based on the optical transmission
characteristics of the CaP coating that will be presented later (figure 11.2).
The second condition assumes room temperature deep inside the material. The initial
condition was T (x, 0) = T0. The heat equation was solved numerically by using Matlab
(The MathWorks Inc., Natick MA, USA). Because the difference in the κ’s of HA and PE
are not so large (table 11.1) and for computational simplicity, the substrate was assumed
to be HA, instead of PE.
11.3 Result
In figure 11.2, the optical transmission between 190 nm and 900 nm of uncoated and CaP
coated sapphire is given. Because only one side is polished, the absolute transmission
was only a few percent. Nevertheless, the CaP coated sapphire shows an optical absorp-
tion edge at ∼ 200 nm. In the figure, also the wavelengths of several excimer lasers are
indicated. As a strong absorption of the laser light in the coating is required for laser
crystallization, only the ArF (193 nm) or the F2 laser (157 nm) may be suitable.
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Figure 11.3: XRD spectra of as-deposited CaP on PE (A) and F2-laser treated CaP on
PE (B, C and D). The energy per laser pulse was 60, 96, and 200 mJ/cm2 for B, C, and
D respectively. The positions of several HA reflections are also indicated.
Figure 11.3 shows the XRD spectra of the as-deposited CaP on PE (A) and fluorine
laser treated CaP on PE (B, C, and D). The samples of spectra B, C, and D received laser
pulses of 60, 96, and 200 mJ/cm2, respectively. Spectra A and B do not show significant
reflections, while spectra C and D show reflections that can be attributed to HA [196].
The peaks in D are stronger than those in C.
Figure 11.4 shows SEM images of the F2 laser treated CaP on PE. The energy per
laser pulse for the images A–G was 0, 6, 10, 18, 49, 69, and 200 mJ/cm2, respectively.
Image H shows an enlargement of image F. With increasing energy per puls, the cracks
between the islands became larger. Besides, a porous structure appeared for the higher
pulse energies (figure 11.4H). Further, with increasing dose, the shape of the islands
became more irregular. Finally, we noticed that for the highest doses, a height difference
appeared, compared to the untreated material. By using a profilometer, the irradiated
area was found to be up to several µm higher (data not shown).
Figure 11.5 shows the remaining coating thickness of laser irradiated CaP ceramic,
compared to the untreated material. Due to the laser treatment induced roughness (fig-
ure 11.4), it was difficult to accurately determine the amount of coating that remained.
Nevertheless, a significant amount of the coating material was removed around a laser
pulse intensity of 200 mJ/cm2. For even higher pulse intensities (1000 mJ/cm2), all of
the coating was removed, and the PE substrate obtained a light-brown color, indicating
thermal degradation.
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Figure 11.4: SEM images of F2 laser irradiated CaP on PE. The energy per pulse was,
for A–G, 0, 6, 10, 18, 49, 69, and 200 mJ/cm2, respectively. H is an enlargement of F.
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Figure 11.5: Remaining coating (in percent) after laser irradiation with different intensi-
ties.
Figure 11.6 shows the time-dependent temperature distributions in the CaP coating,
for a laser pulse intensity of 60 mJ/cm2 (A) and 200 mJ/cm2 (B). The results are presented
for 250 nm coating, the thickness that was used in the experiments. Until the time that
the laser is switched off (20 ns), a strong increase in temperature is observed. Thereafter,
the high temperatures diminish across the coating and into the interface.
11.4 Discussion
The laser induced crystallization of CaP on PE was successful (figure 11.3). HA was
observed on PE when a pulse power of at least 96 mJ/cm2 was used. The higher laser
pulse energy (200 mJ/cm2) gave a stronger crystallization. The reason why a coating
(partially) crystallizes, is the result of the temperature that the CaP coatings reached
during irradiation, in combination with the time during which the coating was above the
crystallization temperature (400-600◦C, indicated in figure 11.6 by the dotted region).
Probably, the time during which the CaP coating was at or above the crystallization
temperature was too short to obtain crystallization in case of the 60 mJ/cm2 pulses (figure
11.6A), while the temperature and duration were sufficient for crystallization at 96 and
200 mJ/cm2. However, at 200 mJ/cm2, part of the CaP coating was lost (figure 11.5).
Probably, it evaporated from the coating, due to the extremely high temperatures that
exist in the near-surface region during irradiation (figure 11.6B). Indeed, during laser
irradiation at 200 mJ/cm2, light emission above the substrate was observed, indicating
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Figure 11.6: Calculated temperature distribution in the CaP coating after a laser pulse of
60 mJ/cm2 (A) and 200 mJ/cm2 (B).
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the ejection of material. At a pulse intensity of 1000 mJ/cm2, the light emission from
evaporated material further increased, and almost no CaP coating was left on the substrate
(figure 11.5).
SEM examination revealed that with increasing laser intensity, the cracks became
broader, the islands obtained a more irregular shape, and porosity appeared in the mate-
rial (figure 11.4). For the higher laser intensities the irradiated area raised several µm’s
compared to the unirradiated area. Probably, this is caused by a melting of the PE and
the successive retraction into islands. Interestingly, uncoated PE that was irradiated with
similar laser doses (not shown) did not show any cracks, porosity, nor a raised surface.
This means that the CaP coating plays an active role in the formation of the morphology
of the irradiated material. The mechanism behind the formation of this morphology is
not clear though.
As was mentioned previously, an ArF laser could also be suitable for the crystal-
lization of the CaP coating, because the coating is absorbing the 193 nm light from the
laser (figure 11.2). Therefore, we also tried to crystallize the CaP coatings by using an
ArF laser at comparable energy densities and pulse durations. No crystallization was
observed (results not shown). Likely, because of the longer optical absorption length, the
laser energy was dissipated too deep into the material, with too low temperatures as a
result.
Because PE is a polymer with a fairly low melting temperature (141 ◦C [184]), this
work shows that a much broader range of polymers can be covered by a crystalline CaP
coating, compared to a normal annealing treatment [15, 43]. We have not attempted to
optimize the laser crystallization process. However, the large number of parameters that
can be varied (pulse energy, pulse frequency, number of pulses, spot size), makes this
technique very attractive for further investigation, especially, because it is possible to
crystallize large areas in a few seconds. Therefore, this crystallization method may be
interesting from a commercial viewpoint as well. Finally, it is important to mention that
the possibility to selectively crystallize regions of the coating, allows for the production
of patterns on implants, which may be used for a better tissue response [197].
11.5 Conclusions
In this work, we successfully crystallized CaP coatings on PE substrate into HA. Because
of the UV transmission characteristic of the CaP coatings, a short wavelength fluorine
laser (157 nm) had to be used. As a result of the laser treatment, the material broke up into
islands. The cracks between the islands became larger and the surface became porous
with increasing laser energy. The mechanism behind the formation of this morphology is
not clear yet. When high laser pulse intensities were used, the CaP coating was removed
from the substrate.
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General discussion & outlook
12.1 Introduction
In this thesis, some aspects of CaP coatings on polymeric substrates have been presented.
The path that has to be followed in order to go from the deposition process to a product is
schematically given in figure 12.1. The part above the horizontal dotted line was the focus
of this thesis. Most effort was put in the adhesion of the CaP coatings on the polymeric
substrates (left branch in figure 12.1), while also work was done on the crystallization of
these coatings (right branch in figure 12.1). The purpose of this final chapter is to put
together the results of all previous chapters. Moreover, topics that were not studied in
this thesis (the part below the horizontal dotted line in figure 12.1) and the feasibility of
RF sputter deposited CaP coatings on polymeric products will be discussed.
12.2 Adhesion
There is a large number of papers, that deal on studying the improvement of coating ad-
hesion on polymeric substrates. As was already mentioned in chapter 1, pretreatments
of the inert polymeric substrates were often successfully used for adhesion improve-
ment. Unfortunately, in the majority of the papers, little or nothing is reported about the
structure of the interface. Therefore, the mechanism behind the presence, absence, or
improvement of the adhesion often remains unclear.
12.2.1 Interface structure
In this thesis, extended effort was put in trying to understand the relation between the in-
terfacial structures and presence or absence of adhesion (A in figure 12.1). Fortunately,
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Figure 12.1: A schematic representation of the route from deposition process to product.
The characters are referred to in the text.
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because we used a multicomponent coating, the preferential bonding of coating species
to the polymeric substrates, already revealed some of the interfacial chemistry that oc-
curred. Besides, the use of XPS gave insight in the presence of chemical bonds between
the coating and the substrate (e.g., carbon-oxygen bonds). Compared to the system that
we used, the resolution of XPS can be increased by using a monochromator. Different
chemical bonds (e.g., C–O and C=O bonds) can then be distinguished, which leads to
a better characterized interface. Glocker et al. [34] showed that this can be important
because they found that adhesion to PE is optimal when the amount of C–O bonds is
high, compared to the number of C=O bonds. Further, by performing XPS on polymeric
surfaces of which the functional groups were selectively labeled by reagents (so-called
derivatization), additional information on the surface or interfacial structure may be re-
vealed [198–203].
Another technique that is suitable for studying the interface is static SIMS. We made
only limited use of this technique (chapter 4), but for example Travaly et al. showed [96]
that clusters that are involved in the adhesion of a (metallic) coating on a polymeric sub-
strate can directly be detected. Besides, Leadley et al. were able to to detect TiPO−4
ions in HA after a dissolution experiment in TiCl2 [204]. Such clusters may also play an
important role in the adhesion of CaP ceramic on Ti. Further, the use of the imaging ver-
sions of XPS and SIMS [94] may give important information on the (lateral) interfacial
structure.
Friedrich et al. [205] showed that a combination of less common techniques (near-
edge x-ray absorption fine structure spectroscopy (NEXAFS), size exclusion chromatog-
raphy (SEC), and thermal-field flow fractionation (ThFFF)) can give a wealth of informa-
tion on (plasma pretreated) polymeric surfaces. For example, information was obtained
on the orientation of molecules in polymeric surfaces and on the degree of crosslinking
upon plasma pretreatment, variables that are difficult or impossible to determine by XPS
or SIMS.
In the work of this thesis relatively smooth polymers were used. By applying rough-
ened surfaces, the adhesion can be further increased due to mechanical interlocking ef-
fects.
12.2.2 Deposition process
This thesis has made clear, that the RF magnetron sputter deposition process is more
than just ‘throwing’ atoms on a substrate. During the deposition process, the substrates
are bombarded by energetic ions and UV light from the plasma. This has its influence
on the coating composition (chapter 8) and on the interfacial structure (chapters 4 and
5). Because the deposition process therefore influences the adhesion (A and B in figure
12.1), it is of great importance to understand it. Although we were successful in reach-
ing sufficient understanding of the deposition process (chapters 6 and 7), more advanced
methods of studying it are available. For example, a Langmuir probe [160,206,207] and
Optical Emission Spectroscopy (OES) [206, 208, 209] can be used to measure plasma
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characteristics, such as plasma density, electron temperature, and radical concentrations.
Besides, an energy-resolved mass spectrometer can be used to detect the energy distribu-
tion of ions and neutrals that arise from the plasma or the target [160,166,167,210–212].
The direct measurement of certain deposition parameters makes the understanding of the
deposition process easier. It may reveal why, for example, the bulk composition of our
CaP coating is different when HA granules instead of a plasma sprayed HA target is
used (chapter 5) or why the degree of resputtering of the coating is pressure dependent
(chapter 7).
Hamdi et al. showed that CaP coatings can be produced by simultaneous vapor
deposition of CaO and P2O5 [213]. Using these materials as separate sputter targets
in RF magnetron sputtering, may result in CaP coatings with very different properties,
compared to those deposited using HA targets, as was done in this thesis. A parameter
which is often kept constant, also in this work, is the magnetron configuration below
the sputter target. However, Window et al. showed that enormous variations in particle
fluxes on the growing film can be obtained by varying the magnetron configuration [161].
The use of a coil, of which the magnetic field can be varied, instead of using permanent
magnets, may give a more influential deposition parameter than the more common ones,
like target power, gas composition, and gas pressure.
An interesting development is the use of pulsed power supplies in sputter deposition
technology [214, 215]. Short and intense pulses that are delivered by the power supply
enable very high plasma densities. The pulse duty cycle, which is the percentage on-
time per period, and the pulse duration are two additional parameters that can be used to
influence the deposition process, as opposed to a standard dc or RF discharge, in which
these parameters cannot be varied.
A disadvantage of the use of variable magnetrons or pulsed power supplies is that the
complexity of the deposition process is further increased. The understanding of the rela-
tion between process parameters and, finally, the coating characteristics will become less
straightforward, which makes the optimization of the deposition process more difficult.
12.2.3 Adhesion measurement
In this thesis, different methods were used to determine the adhesion of the CaP coatings
on the polymeric substrates (chapter 9 and 10). Unfortunately, adhesion is a very difficult
parameter to measure in an accurate way (chapter 2.4). As was already mentioned in the
introduction, Mittal suggested that “The best, rather most appropriate, method is the one
that simulates usage stress conditions” [99]. However, the chosen test method is more
often given by availability and ease of use. An advantage of the tensile tests (chapter
9) is that an absolute value for the adhesion is obtained, while by studying the locus of
failure also additional information on the adhesion mechanism can be found. The scratch
adhesion test (chapter 10) has the advantage that several scratches can be made on one
sample, which limits the number of samples that have to be made, in order to obtain
statistically significant results. However, a disadvantage is that quantitative information
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on the adhesion is more difficult to extract. The value that the FDA requires for the
adhesion of CaP coatings on metallic substrates (50.8 MPa, chapter 1.1.3) is unlikely
to be reached on polymeric substrates, as the polymers themselves cannot resist these
tensile forces. Therefore, other criteria for the adhesion of CaP coatings on polymeric
substrates are required.
12.3 Coating crystallization
The crystallization of CaP coatings on metallic substrates is easy (chapter 1.2.1). How-
ever, as polymeric substrates cannot resist high annealing temperatures, the crystalliza-
tion procedure is far less straightforward. In the biomimetic process the CaP coating is
grown from a supersaturated solution (chapter 1.2), and is partially crystalline. How-
ever, a disadvantage of this method is the limited adhesion on polymeric substrates [11].
Because our deposited coatings are amorphous (C in figure 12.1), we needed a method
to crystallize the coating after the deposition (D in figure 12.1). A new and promising
method for this was presented in chapter 11. By using short energetic laser pulses, the
CaP coating crystallizes, without damaging the polymeric substrate to a significant ex-
tent. This crystallization method was successfully applied for an amorphous CaP coating
on PE, which crystallized to HA. In order to absorb all laser energy in the CaP coating,
a very low wavelength of 157 nm from a fluorine laser was used. We have to emphasize
that laser crystallization can also be done during the deposition process of the coating. A
CaF2 optical viewport, which transmits the 157 nm light, is then needed in the deposition
system.
A relevant question is, whether it is impossible to grow crystalline coatings at low
substrate temperature by RF magnetron sputter deposition directly (E in figure 12.1).
At high power settings, crystalline CaP coatings can be grown in our system, but the
substrate temperatures largely exceed those that the polymeric substrate can resist. The
reason why crystallization does not occur at the low deposition temperature, may be the
limited surface diffusion of deposited coating species. As a result, the atoms cannot form
a crystalline lattice. Besides the low substrate temperature, another reason for the low
surface diffusivity may be the formation of traps, caused by the continuous bombard-
ment of the coating by energetic atoms and ions. Because we found that the degree of
bombardment decreases with increasing deposition pressure (chapter 7), we deposited
coatings at high pressures (between 2.5 × 10−2 and 1.0 × 10−1 mbar). Unfortunately,
the deposited coatings remained amorphous, which indicates again that the deposition of
crystalline coatings directly (E in figure 12.1) is very difficult or even impossible.
12.4 In vitro/in vivo behavior
In figure 12.1, the dotted horizontal line marks the research of this thesis. The coating
deposition process, the adhesion, and the coating crystallization are fairly well under-
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stood now, although further optimization is still possible, especially for the laser induced
crystallization process. So far, no in vitro and in vivo tests were performed. To evalu-
ate the bone compatibility of the coatings is an important next research step towards the
development of products.
12.5 Concluding remarks
In this thesis, a limited number of polymeric substrates with different chemical composi-
tion was investigated. Interestingly, they showed very different adhesion behavior toward
CaP ceramic. However, most of this behavior could be understood from the interfacial
structure and phenomena that occurred during the deposition process. Therefore, every
polymer needs its own investigation, thereby keeping in mind that coating delamination
may have different origins (both interfacial or within the polymer itself). In this thesis,
we used some polymers (PE, PS, and PTFE) that were specifically made for research
and therefore contained a minimum amount of additives. Plastics consist of polymer and
additives. It should be realized that these additives may also influence the adhesion of
coatings.
Concerning the commercial application of sputter deposited CaP coatings, it is im-
portant to mention that, different than for example ion beam or laser deposition, this
deposition technique is already commercially used. We showed that good adhesion can
be obtained, even on polymers that are known for their problematic adhesion behavior
(PE). Although a crystalline coating cannot be grown directly on a polymeric substrate,
an in-situ or post-deposition treatment by an intense fluorine laser makes the crystalliza-
tion possible. The latter procedure only takes seconds per square cm surface area, which
makes the method practically applicable. fluorine lasers are still expensive (several hun-
dred thousand euros), but currently they are becoming more common in semiconductor
industry (for lithographic applications), which will reduce the price.
Another possibility may be the combination of two different deposition techniques.
For example, RF magnetron sputter deposition may be used for growing the strong in-
terfacial structure, after which the growth is continued in solution using the cheaper
biomimetic technique. This may solve the adhesion problems that were reported for
biomimetically grown CaP on some polymers [11]. Still, a limitation for the use of
RF sputter deposition is the low deposition rate. In our system, a maximum rate of
∼ 1.5 nm/min could be realized, before the melting of the polymeric substrates com-
menced. However, a better substrate cooling and an optimized deposition system design,
can very well solve these limitations. This can, finally, lead to homogeneous, dense,
crystalline, well adhering CaP coatings on different polymeric substrates. This system
may find application in orthopedic or maxillofacial surgery.
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Summary
Calcium phosphate (CaP) ceramics can be applied to improve the biological performance
of an implant. Because of the poor mechanical properties of the bulk material, it is usu-
ally applied as a coating. Although the use of CaP coatings on metallic substrate is
common, the aim of this thesis was to study CaP coatings on polymeric substrates. The
mechanical properties of polymers can easily be varied. This is important, because an
effective transfer of force from the implant to the surrounding bone, avoids bone resorp-
tion due to so-called ‘stress shielding’. Medical applications require a strong adhesion of
the coating to the substrate. Therefore, obtaining and understanding the adhesion of CaP
coatings on polymeric substrates was the main objective of this thesis. Because a crys-
talline coating is also necessary for proper biological functioning of the CaP ceramic, the
crystallization of these coatings on polymeric substrates was also studied.
In chapter 1, different deposition techniques for CaP coatings, the way to crystallize
them, and the theory of coating adhesion (improvement) were described. A strong adhe-
sion is usually obtained by the formation of chemical bonds between the substrate and
the deposited coating. On polymeric substrates, which are inert, the use of a pretreat-
ment is often necessary. For this, the surface of the material is modified, by exposure to
energetic or chemically reactive species. This enables the formation of chemical bonds
at the interface.
When extremely thin CaP coatings are measured by XPS, in order to study the interface
between the CaP and a substrate, the quantification of the XPS results is complicated by
the varying escape depths (attenuation length, AL) of the photoelectrons at different en-
ergies. To correct for this, the ALs of Ca and P peaks were determined in chapter 3, and
they were compared to predictive equations that exist. For the peaks that are most often
used for quantification of XPS yields, the Ca(2p) and the P(2p) peak, the ALs were found
to be 21.8 × 1015 atoms/cm2 and 26.8 × 1015 atoms/cm2, respectively. Determination
of the AL of C and O was not possible owing to diffusion of O into the polymeric sub-
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strates. Concentration profiles near the interface, growth mode, and interfacial roughness
appeared to have no measurable effect on the determined ALs. The measured ALs were
best predicted by the empirical CS1 equation of Cumpson and Seah.
In chapters 4 and 5, the interface composition of CaP ceramic on untreated and plasma
pretreated PS, PTFE, PE, and PDMS was determined. On PS and PE, a P and O en-
richment was present at the interface. This was understood from POx complexes (most
likely PO4) that were able to bind. On PDMS, also a low Ca/P ratio was found nearby the
interface, but, compared to PS and PE, only few C–O bonds were formed. This was the
result of POx groups that connected to Si atoms of the PDMS, thereby replacing the CH3
side groups. On PTFE, a Ca enrichment and an absence of P was found at the interface.
The former was the result of CaF2-like material being formed at the interface. The latter
may be the result of P reacting with escaping F to a PF3 molecule, which then escaped
from the material as a gas molecule. We found that the final structure of the interface was
mostly controlled by the bombardment of the substrates by energetic particles during the
deposition process. This bombardment overruled the effects of the plasma pretreatment.
RF magnetron sputter deposition, the deposition method used in this thesis, is a rather
complex process. Not only the sputter target is bombarded, causing the ejection of target
species, but also the substrates are exposed to energetic ions, neutrals, and UV photons
during the deposition of the coating. Therefore, chapters 6 and 7 were dedicated to gain
more insight in the deposition process itself. For this, we performed depositions through
an aperture. Thus an image of the sputter target was obtained. The images at different
gas pressures were well predicted by a Monte Carlo computer simulation of the deposi-
tion process. The Ca and P were proven to be ejected as neutrals from the target. The
particle ejection distribution at the sputter target could not unambiguously be derived.
This was partially because the image was distorted due to resputtering of the deposited
film, preferentially P. The resputtering was caused by an energetic bombardment of neg-
atively charged O ions from the sputter target. The degree of resputtering was derived,
by comparing the amount of deposited material behind, and at the position of the aper-
ture. This was allowed, because the material behind the aperture was almost completely
protected from bombardment by negatively charged O. We found that at low Ar pressure,
more than half of the deposited material was resputtered, preferentially P. Resputtering
of the coating decreased with increasing Ar pressure. An explanation for this could be
that more negatively charged energetic O is ejected from the target at low Ar pressure,
while at high Ar pressure, less energetic O neutrals were ejected, leading to a higher
resputtering rate in the former case.
In chapter 8, the CaP coating composition and thickness were determined on PE, PTFE,
and (conducting) Si. Different Ar gas pressures and positions in the deposition cham-
ber were investigated. With increasing Ar gas pressure, the coating thickness decreased,
resulting from sputtered species ‘getting lost’ due to the higher number of collisions at
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high Ar pressures. Surprisingly, the coating composition varied among the different sub-
strates. This was found to be the result of two phenomena. Firstly, negative charging of
the insulating substrates influenced the severity of the bombardment by negative O ions,
that escaped from the sputter target during the deposition of the CaP coating. The varying
degree of (preferential) resputtering of P from the coatings gave rise to different coating
compositions. Secondly, in the case of PTFE, the escape of F from the PTFE, which we
found to be induced by UV light from the plasma, influenced the coating composition,
probably because the F reacts with P in the coating, to form a PF3 gas molecule. Fi-
nally, we found that the coating composition could be influenced, by using an additional
500 eV Ar ion bombardment during coating deposition.
In chapter 9, the adhesion of CaP ceramic on untreated and plasma pretreated PE and
PTFE was studied. Both tensile and interface elongation tests were used. In tensile tests,
the coated material was glued to the pull rods using an epoxy adhesive. In case of CaP
coated PE, the epoxy usually failed instead of the CaP-PE interface. Moreover, the in-
terfacial plane of the CaP coated PE could be extended to twice its normal size without
the delamination of the coating, indicating good adhesion. No significant difference in
adhesion was found between the untreated and plasma pretreated material. Additional
experiments were performed to clarify what mechanism was responsible for the adhesion
of CaP to PE. The good adhesion was the result from the previously mentioned energetic
O ion bombardment from the sputter target. The absence of this bombardment caused a
lower number of chemical bonds between the PE and the CaP coating, and therefore the
delamination of the coating. The PTFE showed a different behavior. The locus of failure
in the tensile tests was within the PTFE. No significant difference was found whether or
not a plasma pretreatment was given. The cohesive failure was due to UV light induced
damage of the PTFE. The UV light was emitted from the plasma and could damage the
PTFE, because the CaP coating was optically transparent for UV light.
In chapter 10, the adhesion of CaP ceramic to five polymers was studied: PE, PS, PTFE,
PLLA, and PDMS. To influence the adhesion, the interface was varied in six different
ways, e.g., by a plasma or an ion beam pretreatment, or by using a Ti interlayer. The
adhesion was determined by using a bending, a scratch, or a tensile test. To obtain adhe-
sion on PE and PS, a bombardment prior to or during coating deposition was required, to
enable the formation of chemical bonds between the polymer and the coating. On PLLA
and PDMS, being O containing polymers, it was easier to establish a strong interface.
An overtreatment of the polymeric substrates by an O2 plasma gave less adhesion, prob-
ably due to the formation of weak LMW layers on the polymer. On PTFE, the use of
a Ti interlayer was necessary to prevent the PTFE from UV degradation during coating
deposition, as this caused cohesive failure within the PTFE.
Besides a strong coating adhesion, also a crystalline CaP coating is necessary for the
desired biological response. For CaP coated metallic substrates, this is usually done by
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annealing at temperatures of 400−600◦C. For polymeric substrates, this annealing is not
possible due to the low melting temperatures. A more suitable method was presented in
chapter 11, namely laser crystallization. We were successful in obtaining HA coatings on
PE. Because of the UV transmission characteristics of the CaP coatings, the use of a low
wavelength fluorine laser (157 nm) was necessary for this. As a result of the laser treat-
ment, the material broke up into islands. The cracks between the islands became larger
and the surface became porous with increasing laser energy. The mechanism behind the
formation of this morphology did not become clear. However, the fact that crystalline
CaP coatings can be obtained on polymeric substrates, possibly allows for the develop-
ment of new products.
In chapter 12, a general discussion and outlook was given. In this thesis, quite some
effort was put in relating the degree of adhesion to the interfacial composition, the prop-
erties of the polymeric substrates, and processes that occur during the deposition of the
CaP coating. However, other techniques, that were not or hardly used in this thesis, can
certainly give more insight in the interfacial structure, and therefore in the adhesion. The
same is true for reaching a better understanding of the deposition process itself. The
use of more advanced in situ measurement techniques may answer questions that still
remained open. Further, work still has to be done on optimization, especially for the
laser crystallization process of the CaP coatings. Also, the material still has to be tested
in vitro and in vivo. Nevertheless, in this thesis it was shown that it is possible to deposit
well adhering crystalline CaP coatings on polymeric substrates. This made clear that
the application of CaP coatings on polymeric substrates for medical applications is not
inhibited by problems of physico-chemical nature.
Samenvatting
Calciumfosfaat (CaP) keramiek kan worden gebruikt voor het verbeteren van de biologi-
sche eigenschappen van een implantaat. Vanwege de slechte mechanische eigenschappen
van het materiaal, wordt het meestal aangebracht als een coating1. CaP gecoate meta-
len implantaten worden reeds veel toegepast. Het doel van dit proefschrift was om CaP
coatings op polymeren te bestuderen. De mechanische eigenschappen van polymeren
kunnen namelijk makkelijk worden gevarie¨erd. Door de betere overdracht van krach-
ten rond het implantaat, kan ‘stress shielding’ worden voorkomen. Voor een medische
toepassing van CaP coatings op polymeren is een goede hechting van de coating aan
het polymeer noodzakelijk. Het verkrijgen en het begrijpen van de hechting van CaP
coatings op polymere substraten was het hoofddoel in dit proefschrift. Omdat een zekere
mate van kristalliniteit van de CaP coatings noodzakelijk is om biologisch goed te functi-
oneren, werd het kristalliseren van deze coatings op polymere substraten ook bestudeerd.
In hoofdstuk 1 werden verschillende manieren om CaP coatings te deponeren, de ma-
nier om ze te kristalliseren, theoriee¨n over hechting en manieren om hechtingsverbete-
ring te krijgen beschreven. Gewoonlijk kan een goede hechting verkregen worden door
de vorming van chemische bindingen tussen het substraat en de aangebrachte coating.
Polymere substraten, die chemisch inert zijn, moeten gewoonlijk voorbehandeld wor-
den. Dit kan gedaan worden door het oppervlak van het materiaal bloot te stellen aan
energetische of chemisch reactieve stoffen. Dit maakt het vormen van bindingen aan het
interface mogelijk.
Bij het meten van extreem dunne CaP coatings met behulp van XPS, bijvoorbeeld om
het interface tussen het CaP en een substraat te bestuderen, wordt het kwantificeren van
de XPS-resultaten gecompliceerd door de varie¨rende ontsnappingsdiepte (OD) van foto-
elektronen met verschillende energie¨n. Om hiervoor te corrigeren, werden in hoofdstuk
3 de ODs van Ca en P pieken gemeten en ze werden vergeleken met voorspellende for-
1Het Engelse woord ‘coating’ wordt gebruikt in plaats van het minder gebruikelijke Nederlandse ‘deklaag’.
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mules die hiervoor bestaan. De ODs voor de belangrijkste pieken, de Ca(2p) en de P(2p),
waren respectievelijk 21.8×1015 atomen/cm2 en 26.8×1015 atomen/cm2. De ODs voor
C en O konden worden bepaald, ten gevolge van het diffunderen van O in de polymere
matrix. Er was geen meetbare invloed van concentratieprofielen, groeimode en ruwheid
op de gemeten ODs. De ODs werden het beste voorspeld door de CS1 formule van
Cumpson en Seah.
In hoofdstukken 4 en 5 werd de samenstelling van het interface tussen CaP keramiek
met onbehandeld en plasma voorbehandeld PS, PTFE, PE en PDMS bepaald. Op PS en
PE was een overmaat O en P aanwezig nabij het interface. Dit was het gevolg van POx
complexen (waarschijnlijk PO4) die direct aan het polymeer konden binden. Bij PDMS
werd ook een overmaat P gevonden aan het interface met CaP, maar vergeleken met PS
en PE werden weinig C–O bindingen gevormd. De overmaat P was het gevolg van de
koppeling van POx groepen aan het Si van het PDMS. Het kleine aantal gevormde C–O
bindingen was het gevolg van het verdwijnen van de CH3 zijgroep van het PDMS tijdens
het aanbrengen van de CaP coating. Op PTFE was een overmaat Ca aanwezig bij het
interface, terwijl P bijna volledig afwezig was. De overmaat Ca was het gevolg van de
vorming van CaF2-achtig materiaal. De afwezigheid van P was mogelijk het gevolg van
een reactie tussen P en uit het PTFE vrijkomend F tot een PF3 gas molecuul, welke uit
het materiaal ontsnapte. De vorming van het interface wordt in belangrijke mate bepaald
door een energetisch bombardement dat plaatsvindt tijdens het aanbrengen van de coa-
ting. Dit bombardement doet de effecten van de plasmavoorbehandeling teniet.
RF magnetron sputteren, de gebruikte depositietechniek, is tamelijk complex. Niet alleen
het te deponeren materiaal, het zogenaamde ‘target’, wordt beschoten. Ook de polymere
substraten worden blootgesteld aan energetische ionen, neutralen en aan UV-licht. Daar-
om werden in hoofdstukken 6 en 7 experimenten uitgevoerd om meer inzicht te krijgen
in het depositieproces. Hiervoor werden deposities uitgevoerd met een diafragma tus-
sen het target en de substraathouder. Op die manier vormt het gedeponeerde materiaal
een afbeelding van het target. De verkregen afbeeldingen bij verschillende gasdrukken
konden goed verklaard worden door Monte Carlo computersimulaties van het depositie-
proces. Verder bleek dat Ca en P voornamelijk als neutralen het target verlaten. Het was
niet mogelijk om de precieze hoekafhankelijkheid waarmee deeltjes het target verlaten
te bepalen. Dit kwam onder andere doordat de verkregen afbeeldingen enigszins veran-
derden door het hersputteren van materiaal uit de gedeponeerde coating, voornamelijk
P. Het werd duidelijk dat energetisch negatief geladen O van het target verantwoordelijk
was voor dit hersputteren van materiaal. De mate van hersputteren kon worden bepaald
door de hoeveelheid gedeponeerd materiaal achter het diafragma te vergelijken met de
hoeveelheid gedeponeerd materiaal op de plek van het diafragma. Dit was toegestaan,
omdat bijna het hele gebied achter het diafragma werd beschermd tegen het O bom-
bardement. Bij lage gasdrukken werd meer dan de helft van het materiaal hersputterd
(voornamelijk P), terwijl de mate van hersputteren afnam met toenemende gasdruk. Een
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mogelijk verklaring voor deze drukafhankelijkheid is dat bij lage drukken meer zuurstof
als negatief ion het target verlaat, waardoor meer hersputteren van de coating plaatsvindt.
In hoofdstuk 8 werd de samenstelling en dikte van CaP coatings op PE, PTFE en op
het (geleidende) Si bepaald. De invloed van de Ar gasdruk en de positie in de depositie-
kamer werden onderzocht. De dikte van de coating nam af met toenemende gasdruk. Dit
was het gevolg van het toenemende aantal botsingen bij hoge druk, waardoor versputter-
de deeltjes een grotere kans hadden om verloren te gaan door ergens anders te worden
gedeponeerd dan op de substraten. Verrassend genoeg was de samenstelling van de coa-
ting afhankelijk van het gebruikte substraat. Allereerst kwam dit door een varie¨rende
mate van oplading van de substraten tijdens het depositieproces. Negatieve oplading van
de isolerende substraten reduceerde de invloed van het bombardement door negatieve O
ionen. De variatie in O bombardement in combinatie met het preferentieel hersputteren
van P leidde tot verschillende coatingsamenstellingen. Behalve het effect van oplading,
speelde in het geval van PTFE ook een reactie van de CaP coating met vrijkomend F een
rol. Het ontsnappen van F was het gevolg van beschadiging van het PTFE door UV-licht
dat door het plasma werd uitgezonden. Het F reageerde vervolgens met P, mogelijk on-
der vorming van (ontsnappend) PF3 gas, waardoor de samenstelling van de CaP coating
werd beı¨nvloed. Tenslotte bleek de samenstelling van de CaP coating ook beı¨nvloed te
kunnen worden door het additioneel bombarderen met 500 eV Ar ionen tijdens de depo-
sitie van de coating.
In hoofdstuk 9 werd de hechting van CaP keramiek op onbehandeld en O2 plasma voor-
behandeld PE en PTFE bestudeerd. Hiervoor werden trekproeven uitgevoerd en proeven
waarbij het interface werd uitgerekt. Voor de trekproef werd de coating met een trekstaaf
verlijmd met behulp van een epoxy. In het geval van CaP gecoat PE brak gewoonlijk
de epoxy en de CaP coating bleef op het substraat. Verder bleek dat voor PE, het in-
terface verlengd kon worden tot tweemaal de normale lengte zonder dat de coating het
begaf, hetgeen aantoont dat de hechting goed is. Er werd geen invloed gevonden van de
plasmavoorbehandeling op de hechting. Er werden experimenten gedaan om het mecha-
nisme achter de goede hechting te vinden. De hechting bleek een direct gevolg te zijn
van het eerder genoemde O bombardement. De afwezigheid van dit bombardement re-
sulteerde in een lager aantal C–O bindingen tussen de CaP coating en het substraat en tot
de delaminatie van de coating. Het PTFE gedroeg zich anders. Tijdens de trekproeven
vond de breuk plaats in het PTFE. Wederom was er geen significante invloed van een
plasmavoorbehandeling op de hechting. Het PTFE degradeerde gedurende de depositie,
ten gevolge van UV-licht dat werd uitgezonden door het plasma, in combinatie met de
transparantie voor UV-licht van de CaP coating. Dit leidde uiteindelijk tot een cohesieve
breuk in het PTFE.
In hoofdstuk 10 werd de hechting van CaP op vijf polymeren onderzocht: PE, PS, PTFE,
PLLA en PDMS. Om de hechting te beı¨nvloeden werd het interface op zes verschillende
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manieren gemaakt, bijvoorbeeld door het geven van een plasma of een ionenbundel voor-
behandeling, of door het aanbrengen van een Ti tussenlaag. De hechting werd bepaald
met behulp van een buig-, kras- en trekproef. Op PE en PS bleek een bombardement tij-
dens of voor het aanbrengen van de coating noodzakelijk, om de vorming van bindingen
tussen de coating en het substraat te krijgen. Op PLLA en PDMS was het makkelijker
om een goede hechting te krijgen, waarschijnlijk omdat het zuurstofhoudende polymeren
zijn. Een voorbehandeling met een O2 plasma gaf vaak een slechte hechting, waarschijn-
lijk ten gevolge van laag moleculair gewicht materiaal dat zich vormt ten gevolge van de
te intense voorbehandeling. Op PTFE was het gebruik van een Ti tussenlaag noodzake-
lijk om de degradatie ten gevolge van het UV-licht uit het plasma te voorkomen. Op die
manier werd een cohesieve breuk in het PTFE vermeden.
Behalve een goede hechting van de CaP coating, is een mate van kristalliniteit nood-
zakelijk voor de gewenste biologische reactie. Voor CaP op metalen substraten wordt dit
gewoonlijk gedaan door verhitting tot 400−600◦C. In het geval van polymere substraten
is dit niet mogelijk, vanwege de lage smelttemperaturen. Een betere manier van kristalli-
seren werd beschreven in hoofdstuk 11, namelijk het gebruik van laserkristalliseren. Het
bleek mogelijk om HA coatings te vormen op PE. Vanwege de UV transmissie karakte-
ristiek van het CaP was het noodzakelijk om een fluoride laser met een lage golflengte
van 157 nm te gebruiken. Ten gevolge van de laserbehandeling brak de coating in ei-
landen en porositeit werd gevormd. Het mechanisme hierachter werd niet duidelijk. De
belangrijkste conclusie van het hoofdstuk was echter dat het mogelijk is om kristallijne
CaP coatings te maken op polymere substraten, hetgeen kan leiden tot de ontwikkeling
van nieuwe producten.
In hoofdstuk 12 werd een algemene discussie gegeven. In dit proefschrift lag de nadruk
op het begrijpen van hechting in relatie tot de samenstelling van het interface, de eigen-
schappen van de polymere substraten en processen tijdens de depositie van de coating.
Er werd aangegeven dat er nog andere technieken zijn die meer inzicht in de precieze
structuur van het interface, en daarmee in de hechting, kunnen geven. Hetzelfde geldt
voor het verkrijgen van meer inzicht in de processen die zich afspelen tijdens het deposi-
tieproces. Door gebruik te maken van in situ meetmethoden kunnen vragen beantwoord
worden die nu nog open staan. Verder is aangegeven dat er nog werk gedaan kan worden
aan de optimalisatie van de hechting en met name aan het laserkristallisatieproces. Ook
moet het bestudeerde systeem nog in vitro en in vivo getest worden. Desalniettemin heeft
het werk in dit proefschrift aangetoond dat het mogelijk is om goed hechtende, kristallij-
ne CaP coatings aan te brengen op polymere substraten. Dit toont aan dat de toepassing
van CaP coatings op polymeren voor medische toepassingen niet wordt gehinderd door
materiaalkundige beperkingen.
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Samenvatting voor iedereen
CaP coatings op plastics
Veel voorwerpen worden van een dun laagje materiaal voorzien, om de eigenschappen
van het oppervlak te veranderen. Zo’n laagje wordt een ‘coating’ genoemd. Zo kun-
nen coatings gebruikt worden om gereedschappen duurzamer te maken, zonnebrillen
te ontspiegelen of auto’s te beschermen tegen roesten. Ook voor medische doeleinden
worden coatings gebruikt, bijvoorbeeld het keramische materiaal calciumfosfaat (ver-
der afgekort tot CaP). Een voorbeeld van een CaP keramiek is hydroxyapatite, waarvan
Ca5(PO4)3OH de chemische formule is. Het is een belangrijk bestanddeel van botten
en tanden. CaP coatings worden al toegepast op metalen implantaten, bijvoorbeeld op
kunstheupen. Na implantatie van een CaP gecoat voorwerp vindt er botvorming plaats
rond het implantaat, wat zorgt voor een goede fixatie.
Vergeleken met metalen zijn de eigenschappen van plastics gemakkelijker te verande-
ren, bijvoorbeeld de flexibiliteit. Hierdoor is het mogelijk om implantaten te maken die
flexibel zijn, wat nuttig is voor een goede overdracht van krachten van het bot naar het
implantaat. Een CaP coating op het plastic zou, net als op metalen, de botvorming rond
het implantaat bevorderen. Misschien is het zelfs mogelijk om fixatiemateriaal (bijvoor-
beeld schroeven of platen) die gemaakt zijn van oplosbare plastics te voorzien van een
CaP coating. De CaP coating zorgt aanvankelijk voor een goede hechting met het bot,
terwijl op den duur het plastic gedeelte van het implantaat langzaam oplost. Een tweede
operatie om het fixatiemateriaal te verwijderen kan dan voorkomen worden. Uiteraard
moet een CaP coating wel goed vast zitten op het implantaat om werkzaam te kunnen
zijn.
Helaas willen coatings niet altijd zo makkelijk op plastics hechten. Denk aan de pro-
blemen bij het verven of verlijmen van sommige plastics. Om hechting te krijgen moe-
ten de plastics worden gedwongen om chemische bindingen te vormen met de coating.
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Vaak moet het oppervlak van plastics opzettelijk een beetje beschadigd worden, zodat
de beschadigde bindingen aan het oppervlak een reactie aan willen gaan met de coating.
Hierdoor vormt zich een sterk grensvlak tussen de coating en het plastic. Het verkrijgen
en begrijpen van een goede hechting tussen plastic en de coating was het belangrijkste
doel van het proefschrift. Een tweede belangrijke eis voor een bruikbare coating, is dat de
atomen niet willekeurig opgestapeld zijn (amorf), maar netjes geordend in de coating lig-
gen (kristallijn). De nette stapeling voorkomt het oplossen van de coating na implantatie.
Gewoonlijk wordt een coating gekristalliseerd door deze te verhitten op 400 − 600◦C.
Dat is niet mogelijk in het geval van plastics: ze smelten bij deze hoge temperaturen.
Daarom was een tweede doel in dit proefschrift om een alternatieve manier te vinden om
de coatings toch kristallijn te krijgen.
Sputterdepositie
Voor het werk in dit proefschrift werden de CaP coatings aangebracht met behulp van
sputterdepositie. Het proces is vereenvoudigd weergegeven in afbeelding 1. In een va-
Afbeelding 1: Een vereenvoudigde weergave van het sputterdepositieproces voor het
aanbrengen van de coating.
cuu¨mkamer (een kamer waar vrijwel alle lucht uit is gepompt) bevinden zich twee zo-
genaamde ‘sputtertargets’. Deze targets (‘doelwitten’) bestaan uit het uitgangsmateriaal
dat uiteindelijk als coating aangebracht gaat worden, namelijk Ca5(PO4)3OH. Er wordt
een klein beetje argongas (Ar) in de kamer gelaten. Door een snel wisselend elektrisch
veld wordt het Ar omgezet in een plasma, dat is een gas waarin veel elektrisch geladen
deeltjes voorkomen. Door sterke elektrische velden aan de rand van het plasma, wordt
positief geladen Ar in de richting van het negatief geladen target versneld (afbeelding 1).
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Daar botst het op het Ca5(PO4)3OH. Calcium (Ca), fosfor (P) en zuurstof (O) worden uit
het target geschoten en vliegen alle kanten op. Een deel komt terecht op de stukjes plastic
(de zogenaamde substraten), die aangebracht zijn op de substraathouder (afbeelding 1).
Hierdoor groeit langzaam een CaP coating op het plastic.
Uitkomsten van het onderzoek
Omdat het grensvlak tussen het plastic en de CaP coating zo’n belangrijke rol speelt in
de hechting, is gekeken naar de vorming ervan. We vonden dat er op het grensvlak ver-
schillende soorten chemische bindingen werden gevormd, afhankelijk van het gebruikte
plastic. Het bleek niet nodig om de plastics opzettelijk te beschadigen, want tot onze
verrassing gebeurde dit spontaan. Blijkbaar vond er al een beschadiging van de plas-
tics plaats tijdens het aanbrengen van de coating. We hebben experimenten gedaan om
precies te weten te komen welk deeltje verantwoordelijk was voor het beschadigen van
het plastic. We vonden dat het Ca en P als neutraal deeltje op de substraten neerslaat.
De zuurstof bleek het target te verlaten als negatief geladen deeltje. Door de negatie-
ve lading werd de zuurstof versneld door de elektrische velden rond het plasma, maar
in omgekeerde richting dan het positief geladen Ar. Behalve dat de zuurstof hierdoor
veel snelheid kreeg, werd de baan ook nog eens beı¨nvloed door de elektrische velden.
De zuurstof schoot recht omhoog, richting de substraathouder (afbeelding 1). Hierdoor
werden de gearceerde gebieden van de substraathouder (afbeelding 1) zwaar bestookt.
Omdat de substraathouder gewoonlijk roteerde tijdens het aanbrengen van de coating,
ontvingen alle substraten een zwaar bombardement. De schade die door het bombarde-
ment ontstond, maakte de vorming van chemische bindingen aan het grensvlak mogelijk.
Hierdoor ontstond een sterk grensvlak.
Omdat een sterk grensvlak belangrijk is voor een goede hechting, konden we van het
zuurstofbombardement gebruik maken voor het verkrijgen van een goed hechtende coa-
ting. We vonden op sommige plastics een zeer slechte hechting, als het grensvlak werd
gevormd terwijl het plastic substraat buiten het gearceerde gebied (afbeelding 1) was ge-
plaatst. Daarentegen kregen we een zeer goede hechting als het substraat zich tijdens
het vormen van het grensvlak in het gearceerde gebied bevond. Het gemak waarmee
hechting werd verkregen was echter wel afhankelijk van het gebruikte plastic. Plastics
die zuurstof in zich hadden gaven eenvoudiger een goede hechting dan plastics waarbij
dit niet het geval was. Verder bleek het erg lastig om op het plastic teflon een goede
hechting te krijgen. Op eerste gezicht lijkt dit niet zo verwonderlijk, aangezien teflon
ook wordt gebruikt als anti-aanbaklaag in pannen. We vonden echter dat de moeizame
hechting niet kwam omdat er geen sterke grenslaag tussen het teflon en de CaP coating
werd gevormd. De CaP coating liet los, omdat het teflon zelf kapot bleek te gaan door
UV-licht dat door het plasma werd uitgezonden tijdens het aanbrengen van de coating.
Het tegenhouden van het UV-licht door het aanbrengen van een metaallaagje (titanium)
tussen de CaP coating en het teflon voorkwam de schade ten gevolge van het UV-licht.
Dit gaf een betere hechting.
Er moest ook nog een methode worden gevonden om de CaP coatings kristallijn (ge-
ordend) te maken. Dit kon niet door gebruik van een oven, omdat de plastic substraten
dan zouden smelten. We ontdekten dat het gebruik van intens UV-licht uit een laser
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Afbeelding 2: Het gebruik van een laser voor het kristalliseren van de CaP coating.
geschikt is om de CaP coating te kristalliseren (afbeelding 2). Het UV-licht werd sterk
geabsorbeerd door de CaP coating. Het intense laserlicht zorgde dat de temperatuur van
de coating in de buurt van het oppervlak enkele duizenden graden celcius werd. Na het
uitzetten van de laser verspreidde de warmte zich door de CaP coating. Hierdoor werd de
temperatuur door de hele coating langzamerhand hoog genoeg om het CaP te kristallise-
ren (afbeelding 2). Toch werd het plastic substraat niet zo heet dat het smolt. Hoewel het
gelukt is om de CaP coatings kristallijn te krijgen, moeten er nog wel biologische expe-
rimenten worden uitgevoerd om te kijken of de gekristalliseerde CaP coating inderdaad
de vorming van bot stimuleert.
Kort samengevat: we hebben de hechting van CaP coatings op plastics bestudeerd. We
begrijpen nu waarom hechting ontstaat en hoe bepaalde eigenschappen van de plastics
de hechting beı¨nvloeden. Verder vonden we een nieuwe methode om kristallijne CaP
coatings op plastic substraten te maken, namelijk door het gebruik van een intense laser
waarmee de coating werd verhit, terwijl het plastic substraat koud bleef. Dit betekent
dat een toepassing van CaP coatings op plastic substraten in elk geval niet wordt beperkt
door de eigenschappen van de bestudeerde materialen. Er moet door middel van biologi-
sche experimenten echter nog wel worden uitgezocht of het door ons gemaakte materiaal
inderdaad de vorming van bot stimuleert.
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